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1 . I am a Director of the World Health Organization (WHO) Collaborating Center 
for Studies on the Ecology of Influenza in Animals and Birds, Member of the Division of 
Virology, Department of Infectious Diseases and Rose Marie Thomas Chair at St. Jude 
Children's Research Hospital, Professor at the Department of Microbiology and Immunology at 
the University of Tennessee Center for the Health Sciences, Memphis, and Visiting 
Distinguished Professor of Excellence at the Department of Microbiology at the University of 
Hong Kong, Hong Kong SAR. 

2. I was awarded a Ph.D. degree in Microbiology in 1962 from the Australian 
National University, Canberra. Upon completion of my doctorate, I worked as a Research 
Fellow (Fullbright Scholar) at the Department of Epidemiology, School of Public Health, 
University of Michigan, Ann Arbor and then as a Fellow at the Department of Microbiology, 
John Curtin Medical School, Australian National University, Canberra. In 1968, I joined the 
Laboratories of Virology and Immunology at St. Jude Children's Research Hospital and 
Department of Microbiology at University of Termessee, Memphis as an Assistant Professor. 
After obtaining a Member position in 1969, I have been continuously affiliated with St. Jude 
Children's Research Hospital, where I currently hold the title of Member and Rose Marie 
Thomas Chair at the Division of Virology, Department of Infectious Diseases. 

3. During my entire career I have been working in the field of virology, with a 
specific focus on influenza virus biology and production of recombinant vaccines. My 
contributions to the field of influenza virology have been acknowledged by numerous 
international awards and honorary titles, which include, among others, a title of the Director of 
the WHO Collaborating Center, as noted above, Member of the National Academy of Sciences 
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of the United States, Fellow of the Royal Society of London, Fellow of the Royal Society of 
New Zealand, and holder of the 12th Annual Bristol-Myers Squibb Award for Distinguished 
Achievement in Infectious Diseases 2002. A copy of my Curriculum Vitae is annexed as Exhibit 
1. 

4. My contributions to the field of influenza virology are disclosed in numerous 
patents and scientific and popular publications, which include, among others, U.S. Patents No. 
6,344,354; 5,916,879; 5,824,536; 5,643,578; 4,552,758; 4,552,757 and published U.S. 
Application No. 2004/0142450. I have also authored a number of widely used textbooks on 
virology and, in particular, influenza virology, which include, among others. Textbook of 
Influenza, Karl G. Nicholson, Robert G. Webster, Alan J. Hay, Blackwell Publishers, 1998; 
Encyclopedia of Virology, Robert G. Webster, Allan Granoff, Academic Press, 1999, 1996 and 
1994; Origin and Evolution of Viruses, Esteban Domingo, Robert G. Webster, John J. Holland, 
Academic Press, 1999. 

5. My contributions to the area of influenza vaccine production include, among 
others, development of a mild detergent treatment of whole virus vaccines. This treatment 
reduces vaccine toxicity and this type of approach is currently used to produce all influenza 
vaccines used throughout the world. 

6. Many leading world experts in the field of influenza virology have spent time in 
my laboratory at St. Jude Children's Research Hospital training as graduate students or 
postdoctoral fellows or obtaining various types of expertise as visiting scientists. The list of such 
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experts includes, among others, Dr. Yoshihiro Kawaoka* (who was a postdoctoral fellow in my 
laboratory 08/83-06/85 and then an Assistant and Associate Member 07/85-06/97), Dr. Gabriele 
Neumann^ (who was a postdoctoral fellow in my laboratory 08/95-06/97), and Dr. Erich 
Hoffmann^ (who was a postdoctoral fellow in my laboratory 03/98-08/01). 

7. I make this Declaration in support of the application identified above ("the '517 
application"). I am not an inventor of the '517 application and I do not have any financial 
interest in this application. However, I have a firsthand knowledge of the work that lead to the 
present invention as this work was conducted in my laboratory at St. Jude Children's Research 
Hospital. 

8. I have reviewed the entire disclosure of the '517 application, including the 
original claims and the drawings, as well as the prosecution history and claims, as amended in 
the accompanying amendment. I have also specifically reviewed the Final Office Action dated 
May 5, 2004, which was issued in connection with this application. 

9. I understand that in the Final Office Action dated May 5, 2004, the United States 
Patent and Trademark Office has rejected claims 15-17, 19-30, 32, 39, and 44 of the '517 
application under 35 U.S.C. § 103(a) on the grounds that the claims are allegedly obvious over 
Hoffmann dissertation (1997) and Neumann et al (Proc. Natl. Acad. Sci., 1999, 96: 9345-50) 
and has rejected claim 45 as being allegedly obvious over Hoffmann and Neumann et al and 
further in view of Pleshka et al (J. Virol., 1996, 70: 4188-92). 



^ The senior author of the Neumann et al article cited by the Examiner. 

^ The lead author of the Neumann et al article cited by the Examiner. 

^ The sole inventor of the above-identified patent application (the '5 1 7 application). 
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10. In the Office Action, the Examiner has stated that, knowing that Neumann et al 
(i) generated infectious influenza virus using a plasmid-based system, and (ii) disclosed the 
benefit of adding more protein expressing plasmids to the transfection, and also knowing that 
multi-plasmid transfections are complex, one of ordinary skill in the art at the time of the 
invention would be motivated to come up with the present invention by using the plasmid 
described in the Hoffmann dissertation to reduce the number of plasmids for transfection and to 
save time in cloning. The Examiner seems to believe that there was an expectation of success, 
because the promoter elements used by Hoffmann are the same as used by Neumann et al 

1 1 . Based on the materials I reviewed, my extensive experience in the field, and my 
firsthand knowledge of the work that lead to Neumann et al publication and to the present 
invention"^, it is my opinion that the Hoffmarm dissertation and Neumann et al article do not 
suggest or provide any leads for the creation of the dual pol I-pol II promoter plasmid system for 
the generation of infectious influenza viruses from cloned viral segments as disclosed in the '517 
application and recited in the present claims. Much less do these cited references provide any 
expectation that the generation of an infectious influenza virus could be successfully 
accomplished using the 8-plasmid pol I-pol II system of the present invention. The detailed 
explanation is provided below. 

12. First, I would like to describe the historical context in which the present invention 
came into existence. The antigenic variation of influenza A virus hemagglutinin (HA) and 

^ As specified in Section 6, above, both Dr, Gabriele Neumann (the lead author of the Neumann et al article cited 
by the Examiner) and Dr. Erich Hoffmann (the sole inventor of the '517 application) were postdoctoral fellows in 
my laboratory. Dr. Neumann was a postdoctoral fellow in my laboratory from August 1995 to June 1997, and Dr. 
Hoffmann was a postdoctoral fellow in my laboratory from March 1998 to August 2001. 

{W:\02427\100G772000\00279971.DOC *02427100G772000* } 



5 



Docket No.: 02427/1 00G772-US1 



Serial No.: 09/844,517 
Filed: 04/27/2001 
Group Art Unit: 1648 

neuraminidase (NA) surface glycoproteins requires very frequent changes in vaccine 
formulations. The classical method of creating influenza virus seed strains for vaccine 
production generates 6 + 2 reassortants that contain six genes from a high-yield laboratory- 
adapted avirulent virus, such as A/PR/8/34 (HlNl), and the HA and NA genes of the circulating 
strains. The resulting reassortant virus has the antigenic properties of the circulating strain and 
the safety and high-yield properties of the laboratory-adapted virus. Reassortants are currently 
generated by coinfecting the high-yield laboratory-adapted virus with the circulating virus. 
Coinfection with two influenza viruses containing 8 segments can theoretically result in the 
generation of 2 -2=254 different progeny viruses. Clearly, this method is extremely time- 
consuming because of the selection process required to isolate the desired reassortant virus. 
Reverse genetics could significantly speed this process by generating a set of plasmids encoding 
the internal genes of a high-yield virus. Recent re-emergence of human infections caused by 
avian influenza viruses (e.g., the avian H5N1 influenza virus, A/Hong Kong/213/03) which (i) 
have no antigenically similar avirulent viruses and (ii) kill embryonated chicken eggs (where the 
seed strains are normally propagated), have further increased the need for rapid and reproducible 
plasmid-based reverse genetic approaches to influenza vaccine development and production. 

13. Neumarm et aL (1999 publication cited by the Examiner) described a first reverse 
genetic system for influenza virus production (a very similar system was also developed by 
Fodor et aL, J. Virol., 1999, 73: 9679-82, attached as Exhibit 2). The system of Neumann et aL 
contains two types of plasmids: (i) pol I-only replication plasmids directing the synthesis of 
vRNAs fi-om a pol I promoter and (ii) pol Il-only protein expression plasmids encoding viral 
proteins {i.e., at least plasmids encoding viral polymerase proteins PBl, PB2, PA, and NP). 
Accordingly, this reverse genetic system uses the total number of plasmids which exceeds the 
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total number of gene segments from the source virus (/.e., at least 12 plasmids for an 8- 
segmented influenza A virus). The separation of pol I and pol II promoters on different plasmids 
lies at the very core of the Neumann et ah system, as this system tries to recapitulate the life 
cycle of an influenza virus by allowing regulation of viral protein expression separately from 
viral genome segment replication. In fact, in its most efficient (high yield) versions, the system 
of Neumann et ah uses extra protein expression (pol II) plasmids encoding HA, NA, Ml, M2, 
and NS2 viral proteins (making the total number of transfected plasmids 17 instead of 12; see, p. 
9347 bridging left and right col.] and Table 1 at p. 9348 of the Neumann et ah article). The 
optimal use of Neumarm et aL system also relies on the ability to provide specified amounts of 
each viral protein by transfecting different amounts of each of the protein expression (pol II) 
plasmids (see, e.g., p. 9347 left col, |^ 3-4 of the Neumann et al article). 

14. The 8-plasmid dual pol I-pol II promoter system of the present invention is an 
altemative plasmid-based system for generation of an infectious influenza virus entirely from 
cloned DNA. This system represents not a minor variant of the Neumann et aL system as 
suggested by the Examiner, but a different approach altogether, based on a totally different 
principle of coordination of viral replication and protein expression. As specified above, in the 
Neumann et al system, viral segment replication and protein expression are regulated separately 
due to the use of pol I-only plasmids directing the synthesis of vRNAs from a pol I promoter and 
pol Il-only plasmids directing the synthesis of mRNAs encoding viral proteins from a pol II 
promoter. In contrast, in the dual pol I-pol II promoter system of the present invention, the 
vRNA (or cRNA) and mRNA synthesis occur from the same plasmid. As specified above, the 
ability to separately regulate the amount of viral proteins produced was believed to lie at the very 
core of the success of the Neumarm et aL system. Accordingly, w^hen Dr. Hoffmann came up 
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with the idea of the dual pol I-pol II promoter system, everyone in the laboratory, including 
myself, was very skeptical that such a system could produce an infectious virus. 

15. At the time, we were fully aware of Dr. Hoffmann's prior Ph.D. thesis work on 
dual pol I-pol II promoter plasmids (the 1997 Hoffmann dissertation cited by the Examiner). 
However, this work gave no indication whatsoever that an infectious influenza virus could be 
produced in the absence of any helper virus using eight pol I-pol II plasmids, each encoding one 
viral segment. The Hoffmann dissertation merely describes single pol I-pol II plasmids carrying 
reporter genes such as CAT and GFP, which are capable of directing transcription of a single 
reporter mRNA and expression of a reporter protein using host cell transcription/translation 
machinery, and replication of a single reporter RNA in the presence of viral polymerase proteins 
supplied by a helper virus (e.g., FPV). The Hoffmarm dissertation does not even provide a 
suggestion of making a single pol I-pol II plasmid encoding a single viral gene segment, much 
less a full set of such plasmids to achieve generation of an infectious viral particle in the absence 
of any helper virus. Accordingly, Dr. Hoffmann's dissertation provided no support for his novel 
idea of the 8-plasmid dual pol I-pol II promoter system. 

16. Although I was skeptical that the 8-plasmid dual pol I-pol II promoter system 
suggested by Dr. Hoffmaim would ever generate an infectious virus, I admired his enthusiasm 
and believed in his skills as an excellent molecular biologist. I therefore supported his work. To 
everyone's great surprise and excitement, he succeeded in generating an infectious virus (as 
disclosed in the '517 application). In fact, the dual pol I-pol II promoter system of the present 
invention has rapidly become the reverse genetic system of choice in the field of influenza 
vaccine production. This system turned out to be not only much simpler and more reproducible 
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than the system of Neumann et al, because it significantly decreased the number of plasmids for 
transfection and eliminated the need to adjust the relative amount of each plasmid, but efficient 
as well. Also, in contrast to the Neumann et al system, which for a long time was capable of 
efficiently producing infectious virus only in 293 T cells, the dual pol I-pol II promoter system of 
the present invention efficiently generated infectious viral particles in monkey Vero cells. This 
is not a trivial difference. 293T cells are transformed cells that are not approved by WHO for 
vaccine seed production. Vero cells are approved for vaccine seed production. Thus, at the time 
Dr. Hoffmann did the work leading to the present invention, the Neumann et al system would 
have been regarded as not yet practical. Nothing in Hoffmaim's thesis indicates this particular 
characteristic of the dual pol I-pol II promoter system. 

17. More and more investigators around the world are using the dual pol I-pol II 
promoter reverse genetic system of the present invention and prefer it to the system of Neumarm 
et al (see, e.g., a report from the National Influenza Center of Netherlands by de Wit et al. 
Virus Res., 2004, 103: 155-161; attached as Exhibit 3). 

18. We and others have demonstrated the unmatched usefulness of the 8-plasmid dual 
pol I-pol II promoter system of the present invention for the fast and easy generation of influenza 
vaccines. For example, in Hoffmann et al. Vaccine, 2002, 20: 3165-3170 (attached as Exhibit 
4), Dr. Hoffmann and I, with other researchers at St. Jude Children's Research Hospital, have 
demonstrated the direct application of the 8-plasmid dual pol I-pol II promoter system to rapid 
and reproducible generation of reassortant influenza A viruses having the antigenic determinants 
of the influenza virus strains A/New Caledonia/20/99 (HlNl), A/Panama/2007/99 (H3N2), 
A/teal/HK/W312 (H6N1), and A/quail/HK/Gl/97 (H9N2), and a growth phenotype in 
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embryonated chicken eggs which was equivalent to that of the wild-type virus. Even more 
importantly, the use of the 8-plasmid dual pol I-pol II promoter system of the present invention 
allowed our team at St. Jude to produce a vaccine to the deadly avian H5N1 influenza virus 
A/Hong Kong/213/03 (which caused human infections and lead to a WHO pandemic alert on 
February 19, 2003). The vaccine was produced in Good Manufacturing Practice (GMP)-grade 
facilities in less than 4 weeks from the time of virus isolation (see Webby et al. Lancet, 2004, 
363: 1099-103; attached as Exhibit 5). The use of the 8-plasmid dual pol I-pol II promoter 
system allowed us to remove the polybasic amino acids from the HA cleavage site, which are 
associated with high virulence of the H5N1 virus, and produce a reference vaccine virus on an 
A/Puerto Rico/8/34 (PR8) backbone in WHO-approved Vero cells. Specifically, using a PCR- 
based mutagenesis approach, we replaced the cleavage site encoded by the HA gene of H5N1 
virus with that of the avirulent A/teal/Hong Kong/W3 12/97 (H6N1) strain. This modified HA 
gene and the NA gene of H5N1 were cloned individually into pol I-pol II dual promoter vectors. 
The two resulting plasmids and the six plasmids encoding the remaining proteins of PR8 were 
transfected into Vero cells imder GMP conditions to rescue the vaccine seed virus. 36-48 hours 
after transfection, isolated areas of cytopathic effect could be seen on the Vero monolayers. The 
candidate vaccine strain grew to high titers on subsequent amplification in eggs and did not 
cause embryo death. The rescued virus was fully sequenced and was identical to the plasmids 
used in its creation. This virus proved to be non-pathogenic in chickens and ferrets and was 
shown to be stable after multiple passages in embryonated chicken eggs. The ability to produce 
a candidate reference virus in such a short period of time has set a new standard for rapid 
response to emerging infectious disease threats and has clearly demonstrated the superior 
usefulness of the 8-plasmid dual pol I-pol II promoter reverse genetic system for influenza 
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vaccine development. The same technologies and procedures are currently being used to create 
reference vaccine viruses against the 2004 H5N1 viruses circulating in Asia. In sum, the 
approach set out in the '517 application addresses a raging need for rapid influenza vaccine 
response, particularly with the expectation of a worldwide pandemic on the order of the 1918 flu 
pandemic in the near term. 

19. In light of the above, it is my opinion that the present invention represents a 
significant breakthrough both in the field of basic virology of negative stranded RNA viruses and 
in the field of influenza vaccine production. I strongly disagree with the Examiner's conclusion 
that the present invention is obvious over the Hoffmann dissertation and Neumann et al article. 
Perhaps viewed from the vantage of Dr. Hoffinann's success it seems obvious to introduce the 
viral gene segments into pol I-pol II dual promoter plasmids. However, none of us - including 
myself, one of the leading experts in influenza in the world, thought so at the time. As noted 
above, having a flail knowledge of the Hoffmarm dissertation and Neumann et al article, I along 
with other colleagues familiar with Dr. Hof&nann's idea were highly skeptical that his invention 
would ever work and produce an infectious virus. Moreover, a close reading of the Hoffmann's 
thesis provides no basis to extrapolate his curious reporter gene dual promoter construct even to 
plasmid-based expression of a single viral mRNA and vRNA. That work led to a separate 
publication in a leading journal (Hoffmarm et al. Virology, 2000, 267: 310-7; attached as 
Exhibit 6). As noted above, the Neumarm et al publication describes an alternative approach, 
like the present invention based on plasmids to generate an infectious influenza virus, but 
otherwise having nothing in common with the system of the present invention. It took 
extraordinary vision to employ the dual pol I-pol II promoter system for all of the viral segments. 
In my view, such vision, and the results obtained, are the antithesis of obviousness. 
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20. I hereby declare that all statements made herein of my own knowledge are true 
and that these statements were made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment, or both under Section 1001 of Title 18 of the 
United States Code and that such willful false statements may jeopardize the validity of the 
application or any patent issued thereon. 





Date: 



Robert G. Webster, Ph.D. 
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We have rescued influenza A virus by transfection of 12 plasmids into Vero cells. The eight individual 
negative-sense genomic viral RNAs were transcribed from plasmids containing human RNA polymerase I 
promoter and hepatitis delta virus ribozyme sequences. The three influenza virus polymerase proteins and the 
nucleoprotein were expressed from protein expression plasmids. This plasmid-based reverse genetics tech- 
nique facilitates the generation of recombinant influenza viruses containing specific mutations in their genes. 



Reverse genetics for negative -strand RNA viruses, first de- 
veloped for influenza virus (8, 22), has dramatically changed 
our understanding of the replication cycles of these viruses. In 
addition, this methodology has allowed genetic manipulation 
of viral genomes in order to generate new viruses, which can be 
used as live, attenuated vaccines or vectors to express heterol- 
ogous proteins (12). The past 5 years have witnessed the rescue 
of most of the important nonsegmented, negative-strand RNA 
viruses from recombinant DNA. First, Schnell et al. (30) suc- 
ceeded in the recovery of rabies virus from cloned DNA. 
Shortly after, rescue systems were developed for vesicular sto- 
matitis virus (21, 32), respiratory syncytial virus (5, 18a), mea- 
sles virus (29), Sendai virus (14, 20), and more recently for 
human parainfluenza type 3 (7, 17), rinderpest virus (1), simian 
virus 5 (16), bovine respiratory syncytial virus (4), and New- 
castle disease virus (27). Bridgen and Elliott (3) succeeded in 
rescuing a segmented, negative-strand RNA virus, a bunyavi- 
rus, from cDNA. In general, all these methods rely on intra- 
cellular reconstitution of ribonucleoprotein (RNP) complexes 
from RNA and viral proteins, i.e., nucleoprotein and RNA- 
dependent RNA polymerase, which are introduced into cells 
by a variety of techniques. Generally, a recombinant vaccinia 
virus expressing T7 RNA polymerase is used to drive transcrip- 
tion of antigenomic positive-sense RNA as the template in 
order to initiate the replication cycle. Alternatively, transcrip- 
tion is driven by a T7 RNA polymerase, which is constitutively 
expressed in specific cell lines. Successful recoveries have also 
been reported by directly transfecting naked RNA (plus sense 
or minus sense) into cells expressing the essential proteins for 
encapsidation, transcription, and replication (20). Although 
reverse genetics techniques allowing genetic manipulation of 
negative-strand RNA viruses were established for influenza A 
virus before other negative-strand RNA viruses (8, 22, 31), full 
recovery of infectious influenza virus from cDNA without the 
use of helper virus has proved to be technically more difficult. 

The genome of influenza A virus consists of eight segments 
of single-stranded, negative-sense RNA (25). The minimal set 
of viral proteins required for encapsidation, transcription, and 
replication of the viral genome are the three subunits of the 
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viral RNA-dependent RNA polymerase complex (PBl, PB2, 
and PA) and the nucleoprotein (NP) (18). Initially, in order to 
manipulate the genome of influenza virus, RNPs were recon- 
stituted in vitro from RNA transcribed from plasmid DNA in 
the presence of polymerase proteins and NP isolated from 
purified influenza virus (8, 9). The in vitro-reconstituted RNPs 
were transfected into cells infected with a helper influenza 
virus, which provided the remaining viral proteins and RNA 
segments, resulting in the generation of transfectant viruses. 
This technique has been extremely useful in advancing our 
understanding of the molecular biology and pathogenicity of 
influenza viruses. However, it relies on highly specialized se- 
lection methods to isolate the transfectant viruses from the 
helper virus, which restricts its use to certain RNA segments of 
a limited number of viral strains. 

More recently, alternative methods for introducing influenza 
virus RNPs into cells have been developed, based on intracel- 
lular reconstitution of RNPs from in vivo-transcribed RNA 
and intracellularly expressed viral proteins (23, 24, 28, 33). We 
showed that the three polymerase proteins (PBl, PB2, and PA) 
and the nucleoprotein (NP) expressed from recombinant plas- 
mids could encapsidate, transcribe, and replicate an influenza 
virus viral RNA (vRNA)-like RNA containing a chloramphen- 
icol acetyltransferase (CAT) reporter gene in transfected hu- 
man 293 cells (28). This vRNA-like reporter gene was intro- 
duced into the cells by transfection of a plasmid DNA (pPOLI- 
CAT-RT) with a truncated human RNA polymerase I (Pol I) 
promoter (nucleotides [nt] -250 to -1) positioned upstream 
of the vRNA-coding region. The sequence of the hepatitis 
delta virus genomic ribozyme was positioned downstream of 
the vRNA-coding region in order to ensure that RNA process- 
ing gave the correct 3' end of the vRNA. It has also been 
demonstrated that, by replacing the plasmid coding for the 
CAT reporter gene with a plasmid encoding an authentic in- 
fluenza vRNA segment, intracellularly reconstituted RNP 
complexes could be rescued into transfectant viruses upon 
infection of the transfected cells with an influenza helper virus. 
Thus, helper virus-based rescue systems using the RNA Pol I 
promoter-driven reverse genetics technique have been estab- 
lished for the segments encoding the neuraminidase (NA), the 
hemagglutinin (HA), the NSl and NEP proteins, and the poly- 
merase 2 basic protein (PB2) (11, 13, 26, 28), These results 
suggested that coexpression of the eight vRNA segments of 
influenza virus with the three polymerase proteins and the NP 
might allow rescue of infectious influenza virus from plasmid 
DNA. 

In this report we describe the rescue of influenza A virus 



9679 



9680 NOTES 



J. ViROU 



Transcription plasmids 

- T^ S21±™!:H [Th 



^ pPOLI-HA-HT ^ 

pPOU-WP-RT pg-^ 



Protein expression plasmids 

_r=m PG^-^J^"^ 



pVOU-KK'«r 



pGT.fa-PB2 



-0- 



pCT-h-PA 



-EI- 



pCTA-WP 



TransfecUoa 



Vero cells 



MDBK cells 




Plaque assay/amplification 




Rescued virus 

FIG. 1, Schematic representation of the plasmid-based rescue system for 
influenza A virus. The pGT-h set of protein expression plasmids was constructed 
by inserting the open reading frames of PBl, PB2, PA, and NP proteins into the 
Bcil cloning site of the pGT-h plasmid (2). The PBl and PA genes were derived 
from influenza AAVSN/33 virus. The PB2 and NP genes were derived from 
influenza A/PR/8/34 virus. The viral genomic sequences of influenza AAVSN/33 
virus were cloned into pUClS- or pUC19-based plasmids between a truncated 
human RNA Pol I promoter (nt -250 to -1) (19) and sequences of the hepatitis 
delta virus ribozyme in an analogous way as described for pPOLI-CAT-RT (28). 
Genetic tags were inserted into the HA- and NA-encoding plasmids by using 
conventional mutagenic techniques. For viral rescue, 5 |xg of each of the poly- 
merase protein expression plasmids (pGT-h-PBl, pGT-h-PB2, and pGT-h-PA), 
10 fJLg of the NP-expressing pGT-h-NP, and 3 jjig of each of the eight vRNA- 
coding transcription plasmids (pPOLI-PB2-RT, pPOLI-PBl-RT, pPOLI-PA- 
RT, pPOU-HA-RT, pPOLI-NP-RT, pPOLI-NA-RT, pPOLI-M-RT, and 
pPOLI-NS-RT) were diluted to a concentration of 0.1 ^i,gf^^\ in 20 mM HEPES 
buffer (pH 7.5). The DNA solution was added to diluted DOTAP liposomal 
transfection reagent (Boehringer) containing 240 yA of DOTAP and 720 jjlI of 20 
mM HEPES buffer (pH 7.5). The transfection mixture was incubated at room 
temperature for 15 min, mixed with 6.5 ml of MEM containing 0.5% fetal calf 
serum, 0.3% bovine serum albumin, penicillin, and streptomycin and added to 
near-confluent Vero cells washed with phosphate-buffered saline in 8.5-cm 
dishes (about 10'' cells). At 24 h after transfection, the transfection mixture was 
removed and the cells were incubated with 8 ml of fresh medium, which was 
replaced daily for 4 days. The harvested medium from transfected dishes was 
screened for rescued influenza virus by plaquing and amplification on MDBK 
cells. POL I, truncated human RNA polymerase I promoter; R, genomic hepa- 
titis virus ribozyme; MLP, adenovirus type 2 major late promoter; pA, polyad- 
enylation sequence from SV40. 



from recombinant DNA. The system is entirely plasmid driven 
and does not involve the use of any helper or heterologous 
virus (Fig. 1). In order to recover infectious influenza virus 
from cloned cDNA, we used a mixture of eight plasmids ex- 
pressing the individual vRNA segments of influenza 
AAVSN/33 virus from a truncated human Pol I promoter. We 
also replaced the previously used four protein expression plas- 
mids, which expressed PBl, PB2, PA, and NP under the con- 



trol of a mouse hydroxymethylglutaryl-coenzyme A reductase 
(HMG) promoter (28), with plasmids expressing the same pro- 
teins under the control of the adenovirus type 2 major late 
promoter (pGT-h-PBl, pGT-h-PB2, pGT-h-PA, and pGT-h- 
NP) (2). Cotransfection of these four plasmids with pPOLl- 
CAT-RT into 293 or Vero cells resulted in CAT expression 
(results not shown). We decided to use Vero cells for the virus 
rescue, since they support the growth of influenza AAVSN/33 
virus better than 293 cells (about 1 log difference in maximum 
viral titers) (results not shown). 

For virus rescue, near-confluent Vero cells in 8.5-cm-diam- 
eter dishes, were cotransfected with the four protein expres- 
sion plasmids and the eight vRNA transcription plasmids 
(pPOLI-PB2-RT, pPOLI-PBl-RT, pPOLI-PA-RT, pPOLI- 
HA-RT, pPOLI-NP-RT, pPOLl-NA-RT, pPOLI-M-RT, and 
pPOLI-NS-RT). After 24 h, the transfection medium was re- 
moved from the cells and it was replaced with 8 ml of fresh 
medium (MEM) containing 0.5% fetal calf serum, 0.3% bovine 
serum albumin, penicillin, and streptomycin. The transfected 
cells were maintained for at least 4 days after transfection. 
Every day, the medium from the transfected cells was collected 
and assayed for the presence of influenza virus by plaquing a 
0.5-ml aliquot on MDBK cells by standard methods. The rest 
of the medium was transferred into 75-cm^ flasks of subcon- 
fluent MDBK cells for amplification of any rescued virus. This 
procedure resulted in the recovery of infectious influenza virus 
on day 4 posttransfection. We obtained about 10 to 20 PFU of 
virus from an 8.5-cm dish containing approximately 10*^ cells. 
The rescued virus showed a specific property which is charac- 
teristic of influenza AAVSN/33 virus, i.e., it formed plaques on 
MDBK cells in the absence of trypsin. The plaques formed by 
the rescued virus were comparable in size to those formed by 
an authentic wild-type influenza A/WSN/33 virus grown on the 
same MDBK cells (results not shown). 

To formally prove that the viral plaques observed on MDBK 
cells were formed by virus derived from the cloned cDNA, we 
analyzed two of the eight vRNA segments into which genetic 
tags were introduced. The HA segment contained a mutation 
of 6 nucleotides near the 3' end of the vRNA (26). Nucleotides 
31 to 35 from the 3' end (3'-UUUUG-5') were replaced with 
3'-AAAAC-5', resulting in an amino acid substitution at amino 
acid 4 (K-^F) and at amino acid 5 (L^V) near the N terminus 
of HA within the signal peptide. In addition, a silent C^U 
mutation was created at nucleotide 40. These changes intro- 
duced several new restriction sites, including an Spel site. The 
NA segment contained two silent mutations at nucleotides 
1358 and 1360, introducing a novel Sad restriction site (28). 
Medium from MDBK cells infected with the rescued transfec- 
tant virus was used to isolate vRNA. Short regions of the HA 
and NA vRNA containing the genetic tags were amplified by 
reverse transcription-PCR (RT-PCR) and then analyzed by 
digestion with Spel and Sad restriction enzymes, respectively. 
As a control, the same regions of the HA and NA segments 
were amplified from vRNA isolated from authentic AAVSN/33 
virus using the same RT-PCR primers. As expected, the PGR 
products obtained from both viruses had identical sizes (Fig. 2, 
compare lanes 2 and 5 and lanes 7 and 10). Those originating 
from the HA and the NA segments of the rescued transfectant 
virus could be digested with Spel and Sad, respectively (lanes 
3 and 8). However, the PGR products from the authentic 
AAVSN/33 virus were, as expected, not digested (lanes 6 and 
11). The omission of reverse transcriptase in control RT-PCR 
reactions resulted in no visible PGR products (lanes 4 and 9). 

It should be pointed out that we have succeeded in recov- 
ering influenza virus from plasmids expressing negative-sense 
vRNA. This seems to contradict some earlier studies, which 



Vol. 73, 1999 



NOTES 9681 




NA segment 



Sad 




10 11 



FIG. 2. Demonstration of the presence of genetic tags in the HA and NA vRNA segments of the rescued virus by RT-PCR and restriction enzyme analysis. vRNA 
of the rescued virus was isolated from medium of infected MDBK cells. One hundred microliters of the medium was treated with 5 U of RNase-free DNase to remove 
any residual plasmid DNA carried over. After 15 min at 37^C, vRNA was isolated by using the RNeasy Mini Kit (Qiagen), following the manufacturer's instructions. 
vRNA from authentic wild-type AAVSN/33 virus was isolated from purified virus as described previously (10). The first 149 nt at the 3' end of the HA vRNA were 
amplified by RT-PCR using oligonucleotide primers 5'-GCGCTCTAGAGCAAAAGCAGGGGAAAATAA-3' (corresponding to nt 1 to 21) and 5'-CGCGAAGCT 
TCTCGAATATrGTGTCAAC-3' (corresponding to nt 129 to 149), resulting in a 165-nt-long PGR product. To amplify the sequence containing the genetic tag from 
the NA segment, primers 5'-TGGACTAGTGGGAGCATCAT-3' (corresponding to nt 1280 to 1309) and 5'-GAACAAACTACTTGTCAATGGT-3' (corresponding 
to nt 1367 to 1388) were used in RT-PCR to produce a 108-nt PGR product. The HA- and NA-specific PGR products were Incubated for 2 h at 3TC in the presence 
(+) or absence (-) of 10 U ofSpel and Sad restriction enzymes, respectively. Samples were analyzed on 16% polyacrylamide gels and stained with ethidium bromide. 
Lanes: 1, DNA size markers (sizes in nucleotides are indicated); 2, 3, 7, and 8, PCR products from the rescued virus; 4 and 9, control reactions omitting reverse 
transcriptase; 5, 6, 10, and 11, PCR products from the authentic wild-type AAVSN virus. 



emphasized the importance of using positive-strand RNA for 
rescuing negative-strand RNA viruses (3, 29a, 30). However, 
more recent successful recoveries of negative-strand RNA vi- 
ruses from negative-sense RNA have been also reported (7, 
20). Since at early stages posttransfection, positive-sense 
mRNA from the four protein expression plasmids coexists with 
naked negative-sense genomic vRNA transcribed from the 
transcription plasmids, inevitably double-stranded RNA can 
form. Formation of double-stranded RNA could lead to the 
induction of interferon-mediated antiviral responses and con- 
sequently to suppression of the growth of any rescued virus. 
Therefore the use of a cell line, such as Vero, which is known 
to be deficient in interferon expression (6), might be an im- 
portant factor for successful virus rescue. Further work, how- 
ever, is needed to prove this. 

At present, we are able to rescue 1 to 2 infectious viral 
particles from about 10^ transfected cells, which corresponds 
with the "average" recoveries obtained for other negative- 
strand RNA viruses. By increasing transfection efficiencies and 
optimizing the ratio of transfected plasmids it might be possi- 
ble to obtain higher recoveries of virus. Recently, Gomez- 
Puertas et al. (15) demonstrated that by optimizing plasmid 
ratios they can significantly increase the formation of influenza 
virus-like particles from expressed viral proteins. In addition, 
cell lines expressing essential proteins for encapsidation, tran- 
scription, and replication of viral genomic RNA (FBI, PB2, 
PA, and NP) could help to reduce the number of plasmids 
needed and thus increase the efficiency of rescue. 

In summary, we have rescued a recombinant influenza A 
virus by cotransfecting eight transcription plasmids for the 
individual vRNA segments and four protein expression plas- 
mids, entirely from cDNA in the absence of any helper virus. 
The identity of the rescued virus was confirmed by providing 
evidence for the presence of two genetic tags in two different 
genome segments. The development of an entirely plasmid- 
based rescue system for influenza A virus opens the way for the 
study of different aspects of influenza virus replication and its 
interactions with the host cell. In addition, it allows full ma- 



nipulation of the genome of the virus, which might result in the 
development of new vaccine strains not only for influenza, but 
for other infectious agents by introducing specific foreign 
epitopes into influenza virus proteins. In contrast to the earlier 
helper virus-based rescue techniques, the plasmid-based sys- 
tem can easily be used for the generation of infectious influ- 
enza viruses containing multiple mutations in several different 
genes at the same time. 
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ADDENDUM IN PROOF 

Following submission of this paper, Neumann et al. (G. 
Neumann, T. Watanabe, H, Ito, S. Watanabe, H. Goto, P. Gao, 
M. Hughes, D. R. Perez, R. Donis, E. Hoffmann, G. Hobom, 
and Y. Kawaoka, Proc. Natl. Acad. Sci. USA 96:9345-9350, 
1999) provided independent evidence for a plasmid-based res- 
cue of influenza A virus. 
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Abitrtct 

A reverse genetics system for the generation of influenza virus A/PR/B/34 (NIBSC vaccine stnuo) fiom plasmid DNA was developed. 
Upon transfection of eight bidirectional tnotscription platmidfi encoding the jene segments of A/PR/S/34 into 293T ceils, virus titers in the 
Supernatant were about 10* TCIDso/ml. The produetion of A/PK/8/34 in 293T cells was compared to that of A/WSK/33. for which vims titers 
in the supernatant were 10^-1 0* TCIDWecU. Time-course analysis of virus production indicAted that the difierences in virus titers were due to 
reinfection of 293T cells by AAVSN/33 but not A/PK/8/34. ItHieed, virus titers of A/PR/8/34 comparable to Iho&e of A/WSN/33 were achieved 
upon addition of b(>p$in to the culture medium of transfectcd cells. The production of ehimerio viruses revealed that the difference in virus titers 
between A/PR/8/34 and A/WSN/33 are detennioed primarily by differences in the sur&oc glyooproteins hemasglutiniii and neuraminidase 
and the polymerase protein PBK In conclusion^ higb-titcr virus stocks of recombinant influenza A/PR/8/34 virus can be produced aft well as 
virus stocks with much lower titers; but without the requirement of virus amplification through replieatioa 
© 2004 Elsevier B.V. All rights reserved. 
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1. Introdnctioii 

For a long time the fundamental research of influenza A 
viruses has been hampered by the lack of availability of 
efficietkt reverse genetics systems. Although the earliest re- 
verse genetics techniques for negative stranded RNA viruses 
were in fact developed for influenza A virus (Enami et al., 
1990; Luytjes ct b1.» 1989), the rescue of this virus exchi- 
$ively from recombinant DNA was achieved only recently 
(Fodor ct al.. 1999; Neumann ct al., 1999). Recombinant 
influenza vinis was produced upon transfection of eukary- 
otic ceils with a set of eight plasmids from which each of 
the genomic viral RNA (vRNA) segments was transcribed 
by RNA polymerase I and a set of four additional plas- 
mids expressing the nucleoprutein (NP) and the polynnerase 
proteins FBI, PB2, and PA. The reported efficiencies of 
virus production using these 12-pla3mtd systems were rela- 
tively low with less than 10^ plaque-forming units (pfu) of 



* Corraspondmg author. Tel: -t-3 1-10-4088066^ ftx: +3 1- 10^9495. 
B'maii adftms; r^uchiei^lentimunic.al (R.A.Nt Fouchier). 
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doi : 10. 1 01 6/j .vim5res.3004.02.028 



Influenza virus A/WSN/33 per ml of transfccted cell super- 
natant Neumann et al. reported that upoti co-expression of 
Ave additional plasmids encoding the hemagglutinin (HA), 
neuraminidase (NA), matrix proteins 1 and 2 (Ml and M2) 
and non-structural protein 2 (NS2)» vims titers in the su- 
pematants could be increased up to 5 x lO'^pfu/ml. An 
elegant modification of these 12 and 17-plasmid systems 
came from Hoffinann et al. who implemented bidirectional 
vectors to reduce the number of transfected plasmids to 
eight With this system, the negative-strasded vKNA and 
the positive^stranded mRNA can be synthesized from the 
same plasmid and virus titers up to 2 x lO*^ were reported 
(HofGnwm et al., 2000). The abih'ty to produce recombi- 
nant influenza A virus rapidly and at such high titers will 
greatly facilitate future influenza virus research. Indeed, sev- 
eral influenza virus strains have now been produced from 
recombinant DNA to address a number of fundamental re^ 
search questions in the influenza vtroa field (Hatta et aJ., 
2001, 2002), In addition, these techniques may be used to 
produce '^conventional" vaccine viruses and to design live 
attenuated vaccines through genetic engineering. Finally, the 
use of influenza A slm^s as gene delivety vectors and 
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to express foreign proteins of interest may now be em- 
ployed. 

It is important to note that the reverse genetics sy^ems 
described above are all based on infiuen^a virus A/WSN/33 
(HlNl). Although influenza virus A/WSN/33 has been used 
suooessfUUy to address many research questions, the sur&cc 
glycoproteins of this virus have properties (hat may be unde- 
sirable for certain purposes. The NA of A/WSN/33 can bind 
plasminogen that upon conversion to plasmin can cleave the 
HA to yield functional HAi and HAj subunits (Goto and 
Kawaoka, 1 998). As a result, the virus can replicate without 
trypsin in in vitro cell cultures. For certain purposes, such as 
mutagenesis studies, virus rqilication in the transfected pro- 
ducer ceils may be undesirable since reverse mutations and 
second-site mutations may occur. Moreover, for the genera- 
tion of reassortant viruses to be used as vaccines, influenza 
virus A/PR/8/34 has been the strain of choice for many years. 
Therefore^ avc have designed a reverse genres system to 
produce recombinant influenza virus A/PR/8/34. We have 
used both the 12-pIasQiid and 8-plasmid systenw and com- 
pared the vims production of A/PR/8/34 with A/WSN/33. 
We conclude that virus titers of '^10* can be obtained with- 
out virus lepUcatiQn in the tnmsfected cell culture which can 
be boosted to >!0^ when the virus is allowed to replicate. 
This reverse genetics system may thus be useful for research 
purposes as well as for the production of vaccine virus. 



2. Matenals and methods 

2.L Cells and viruses 

Madinr-Darby Canine kidney (MDCK) cells were cul- 
tured in £MHM (BioWhittaker) supplemented with 10% 
PCS, lOOIU/ml penicillin, ]00|jig^l streptomycin, 2mM 
glutamine, ].5mg^l sodiumbicarfoonate^ lOmM Hepes 
and non-essential amino adds. 293T cells were cultured 
in DM£M (BioWhittaker) supplemented with 10% PCS, 
lOOIU/ml penicillin* lOO^g/ml streptomycin, 2mM glu- 
tamine, 1 mM sodiumpyruvate, and non-«ssential amiiu) 
acids. 

Influenza virus A/PR/g/34 was kindly provided by Dr. 
Wood, the National Institute for Biological Standards and 
Control, Potters Bar, United Kingdom. Because this strain 
is adapted for replication in embryonated chicken eggs and 
may not replicate optimally in mammalian cell cultures, 
this virus was passaged seven times at a low multiplicity 
of infection in MDCK cells grown tn Episerf media (Gibco 
BRL) supplemented with 10 lU/ml penicillin and 10 P'g/ml 
streptomycin. Afler the seventh passage virus titers of 10* 
TCIDso/ml were obtained routinely, 

2X Tyansfecrion of 293T ceils 

Transient calcium phosphate-mediated tmnsfections of 
293T cells were performed essentially as described (Pear 



ct al., 1993). Cells were plated the day before transfection 
in gelatinized 100 mm diameter culture dishes to obtain 
50% confluent monolayers. After overnight transfection 
with 25-50 ^.g plasmid DNA, the transfection medium 
was replaced with fresh medium supplemented with 2% 
PCS for virus production or 10% PCS for all other trans- 
fections. Cells were incubated for 30-72 h, after which 
supematants were harvested and cells were analyzed for 
fluorescence if appropriate. Plasmid pEGFP-NI (Clontech, 
BD Biosciences, Amsterdam^ The Netherlands) was tmns- 
fected in parallel in all e:q;>erimeots and the percentage of 
fluorescent cells was measured in a FACScan, confirming 
that the transfection efficiency ranged from 95 to 100%. 
Virus-containing sv^ieniatants were cleared by centrifuga- 
tion for lOmin at 300 x g. Virus titers in the supernatant 
were detannined either directly or upon storage at 4 *C for 
less than 1 week, or at -80 '^C for longer than I week, 

2.i. Plasmids 

Plasmids pPOLI-CAT^RT, pHMG^PBl, pHMG-PB2, 
pHMG-PA and pHMG-NP were a kind gift fixjm Drs, 
Garcia-Sastre and Palese (Mount Sinai School of Medicine, 
New York, USA), plasmids pHLlS63 and pHL2428 from 
Dr. Hobom (University of Giessen, Germany) and plasmids 
PHW2000, and pHWlSl through pHW188 from Dr. Web- 
ster (St. Jude Children's Research Hospital, Memphis, TN, 
USA). 

The human RNA polymerase I promoter (Pbu) was am- 
plified by PCR using plasmid pHL1863 as template and 
cloned in plasmid pSP72 (Promega Benelux, Leiden, The 
Netherlands) iising Xhol and Xbal sites included in the 
primers. The murine RNA polymerase I terminator or the 
hepatitis delta ribozyme sequence were amplified by PCR 
using plasmids pHL242d or pPOLl-CAT-RT a$ templates 
and cloned in pSP72'Phu using Xbal and BamHl sites 
present in the primers to give plasmids pSP72-PhuTmu 
and pSP72-PhuThep, respectively* Flanking the Xbal site 
between the Phu and Tmu or Thep sequences we included 
BpuAI sites to enable the forced directional cloning of in- 
fluenza A virus cDNAs in these vectors* The eight genomic 
segments from influenza virus A/PRy8/34 were amplifled 
by RT-PCR and cloned in pSP72-PbuThrp (segments 2 
and 6) or pSP72-PhuTmu (all other segments). Vector 
pSP72-PhuThep was used for segments 2 and 6 because 
pSP72-?huTmu did not yield the desired recombinant plas- 
mids for unknown reasons. Of note, vectors pSP72-Phu'nnu 
and pSP72*PhuThep work equally well in transient assays 
in 293T cells (data not shown). To generate bidirectional 
expression vectors, plasmid pHW2000 was modified so that 
the BsmBI sites were at the same positions relative to die 
RNA polymerase 1 promoter and tenninator sequences as 
the BpuAI sites in our own constructs. The eight genomic 
segments from hifluenza virus A/PR/S/34 were subsequently 
amplified l^ PCR and cloned in this modified pHW2000 
vector. All plasmids were sequenced using a Dyenamic £T 
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tenninAtor sequencing kit (Amersbam Pharmacia Biotech, 
Roosendaal, The Netherlands) md an ABI 373 automatic 
DNA sequencer (PE Bio^stcnj), according to the instruc- 
tions of the manufacturer. All PCR primer sequences and 
plasmid maps are available on request. 

2.4. yirus titration 

Viius titrations were perfontted as de^bed previously 
(Rimmetzwaan ct al., 1998). Briei)y. 10-fold serial dilu- 
tions of the transfected cell supematants were prqpared in 
infectioa xnedium. Infection medium consisted of EMEM 
(BioWhittaker) supplemented with A% bovine serum at- 
bumix^ (fraction V, GibcoBRL), lOOIU/ml penicillin, 
lOO^g/ml streptomycin, 2mM glutamine, K3mg^cnl sodi- 
umbicarbonate, lOtnM Hepes, non-essential amino acids, 
and 25 >ig/ml trypsin. Prior to inoculation, the cells were 
washed twice with PB$. One hundred milliliter of the di- 
luted culture supematants was used to inoculate a confluent 
monolayer of MDCK cells in 96 wells plates. After 1 h at 
37 the cells were washed a^ain with PBS and 200 |il 
fresh infection medium was added to each well. At 3 days 
post infection, the supematants of ihese cultures were tested 
for HA activity as an indicator for infection of die cells in in- 
dividual wells. The titers of infectivity were calculated from 
10 replicates according to the method of Spearmao-ICarber. 



3. Results 

3.L A reverse genetics system for irfiuenza virus A^R/8/34 

Influenza virus A/PR/8/34p obtained from the National 
Institute for Biological Standards ami Control^ United 
Kingdom, was passaged seven times in MDCK. cells in 
the presence of trypsin. This vims was found to replicate 



to high titers in embryonated eggs and MDCK cell cul- 
tures (data not shown). The eight genomic segments of 
this virus were amplified by PCR and cloned into plas- 
mids pSP72-PhuTmu or pSP72-PbuThep. Each of the eight 
plasmids was sequenced and the sequences were compared 
with diose of A/PR/8/34 and other influenza A virus se- 
quences avaiis^le from the Influenza Sequence Database 
Oitip://www.flu.kinl.gov) (Table 1). For the total genome of 
A/PR/S/34 which is 13 588 nucleotides In length, we found 
1 1 1 nucleotide substitutions as compared to sequences of 
A/PR/8/34 available from the database, resulting in 39 
amino acid substitutions. This is not suipiising since the 
passage history of the two A/PR/8/34 strains may be quite 
different. Analysis of all the sequences available from the 
Influenza Sequence Database revealed that of these 39 
amino acid substitutions only one was unique to A/PR/8/34. 

The eight constructs encoding the gene segments of 
A/PR/8/34 were transfected into 293T cells together with 
expression plasmids for the polymeiase proteins and nu- 
cleoprotein of hifluenza virus A/PR/S/34: HMG-PB2, 
HMG-PBl, HMO-PA, and HMG-NP (Ple&chka et al., 1996). 
At 72 h after transfection, an infectious virus titer of 1 x 10^ 
TCIDjo/nil of influenza virus A/PR/8/34 was detected in 
the culture supernatant. However, when this expeximent 
was subsequently repeated five times, virus could be pro- 
duced only once more with equally low virus titers (data 
not shown). The inability to generate recombinant virus 
reproducibiy was not due to low transfection efiftciencies, 
since transfcctions with pEGFP-Nl performed in paiallel 
with these experiments revealed >99% fluorescent cells in 
these cultures as measured in a FACScan. 

Jn the meantime« a bidirectional 8-plasmid reverse genet- 
ics system was described by Hoffrnann et ah that we con> 
pared with our own 12-plasmid system. To this end, cPNAs 
encoding the gene segments of influenza vims A/PR/8/34 
were cloned into plasmid pHW2000 (Hoffmann et al., 2000). 



Tftblo 1 

CDmpuisoo of nucleotide amino scid sequ«nccf of the genome of MDCK-tidaptBd A/?R/8/34* with tiiOi« of A/FR/S/34 uvl A/WSN/33 from tbe 
Influcnzi Sequence DaUbase 
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AAVSN/33 
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number 


Nucleotide 
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3 
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PA 


KC002022 


20 
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XI7336 


63 


17 
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HA 


NC0020J7 


]3 


9 


J02I76 


105 


54 
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NP 


NC002019 


IS 


4 


M3Cr746 


56 


29 
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NA 


NC0020I8 


9 


S 


JC2I77 


82 


38 


7 


Ml 


NC002016 


6 
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L2581S 


34 


S 




M2 






2 






9 


8 


NSl 


NCO02020 


U 


2 


M125W 


32 


8 




NS2 






1 






6 



* These sequences are ftvilltble fhom the influenza Sequence Databaae under occciaiotl numbers ISl)N134 19-13426. 
t 'n^tal inietion cocintcd as a iiogle lubttitutioo. 
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Of note» the sei^uence of each of the A/PR/g/34 geae seg- 
ments WB$ identical to that in the 1 2'p1a5inid systens* Trans- 
fectiOD of the eight plasmids encoding the gene segments 
of influenza vims A/PR/8/34 resulted In a virus titer in 
the supernatant of *-10^ TdDj^/mi 30 h post transtfcction. 
More importantly, the vims titers obtained in these transfcc^ 
tion experiments were highly reproducible. The titers that 
we obtained upon transfeccion of constmcts encoding the 
eight gene segments of influenza virus A/WSN/33 into 293T 
cells were much higher, however, ranging Irom 10^-^10^ 
TCIDjo/ml. 

3.2. Effect of mutations at position 4 of the 3* termnus 

The eight genomic cDNAs inserted in both the 12-plasmid 
system and the S-plasmid system were generated using 
primers specific for the 12 conserved nucleotides (nt) at the 
y terminus and 13 nt at the 5* terminus. The virus-specific 
sequence at the 3' terminus was UCGUUUUCGUCC, de- 
spite the fact that for A/PK/8/34 gene segments 1 » 2, 3, 6, and 
7 the fourth nucleotide position was reported to be C rather 
^an U (according to the Influenza Sequence Database; 
http;/Avww.flu.lanl,gov). To test the effect of mutations at 
the position 4 nt in the 3' terminus, we generated a set of 8 
plasmids containing the eight gene segments of A/P!(/8/S4 
with a C at position 4. The nucieodde sequence of each of 
these gene segnunts was identical to the sequence of the 
original constructs except for this fourth nucleotide. Upon 
tiansfcction of 8 plasmids with a C at position 4, virus titers 
were 5.2 x 10^ TClDso/ml, which is slightly higher than 
upon transfection of 8 plasmids with a U at position 4 (mean 
vims titer of 3.3 x lO' TCIDso/ml). We next generated sets 
of recombinant viruses in which each of the genomic seg- 
ments was replaced with a segment containing C at position 
4. These viruses were all produced at comparable levels. 
The virus titers obtained upon transfection of plasmids rep- 
resenting 'Svild type^* A/PR/8/34 according to the Influenza 
Sequence Database, with a U in segments 4, 5, and 8 and 
a C in segments 1, 2, 3, 6, and 7 resulted In a vims titer of 
l.l K I(r TCIDw/ml From these data we concluded that 
the low vinis titers obtained with A/PR/8/34 weit not due 
to mutations at position 4 is our set of plasmids. 

3.3. Increased virus titers due to reinfection 

The HA precursor protein (HAo) of influenza A viruses is 
cleaved by cellular proteases into HA] and HA2 subunits to 
yield membrane fiision-^ompttient virus particles. For many 
in vitro cell cultures infected with influenza A vims, trypsin 
is added to the culture medium to enable cleavage of HA. In- 
fluenza vims A/WSN/33 can replicate in cell cultures with- 
out the addition of trypsin to the culture medium. The NA 
of AyWSN/33 can bind plasminogen that is converted to 
plasmin, which can subsequently cleave the HAq into func- 
tional HA] and HA2 subunits (Goto and Kaw^oka, 1998). 
We therefore wished to test if the differences in virus titers 
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fig. 1. Vims pi^ction ia tbt pr«Mnce and abseocc of trypiin. Supcp- 
Rituit of 293T cdlx tTwufcclcd with cooMmctt encoding A/WSN/33 (#> 
or A/PR/8/34 (A) wu haivcstod $t dlftcnait dmc pobts after bandbction 
ftltd tifar&ted on MDCK G«U» (panel A). Avengo and atandBitl deviation 
calculated from ttfo indepeiuleat experiments are ihcnvn. After transfec* 
tion, trypsin voa added to thv supenwtant of 393T C«U< UattffecUd with 
constructs encoding A/PIt/S/34 or A/WSN/33 (B). SupcmaiaDtB were har- 
vested 72 h aAoT trmfocMon and iitrsM on MDCK cctk. (White hm) 
no ttypein and (bJacfc ban) with trypsin. Avenge sod stmdsid deviation 
calculated from thrM tavdcpeiHtont sxpcrimcnu are shown, 

between influenza viruses A/WSN/33 and A/PR/8/34 could 
be explained by ny^in-iadej>endent replication in the 293T 
cells by A/WSN/33 but not by A/PR/804, 

To dtis end, we first performed time-course analyses of 
virus production fh>ia 293T cells transfected with constructs 
encoding either Influenza virus A/PR/«/34 or A/WSN/33. 
Influenza viruses A/PR/8/34 and A/WSN/33 were produced 
at the same rate during the first 24 h of virus production after 
transfection. However, from 24 h post transfection oDwaxda, 
vims production from cells trans&cted with constmcts en^ 
coding A/PR/8/34 hardly increased, while virus production 
from cells transfected with constructs encoding A/WSN/33 
continued to increase logaiitknucaliy until 36 h post infec- 
tion (Fig. 1 A). The A/WSN/33 vinis particles produced late 
after transfection could well be derived from 293T cells in- 
fected with virus produced in the early phase. 

To gain fbrther evidence that the high influenza 
virus A/WSN/33 titer could indeed be caused by the 
trypsin-independent infection of 293T cells by influenza 
vims A/WSN/33 but not by A/PR/8/34, we next added 
tiypsin to the culture medium after tnnsfection of 293T cells 
to a concentration of 0.25 mg/mL. Indeed, upon the addition 
of trypsin, the virus titers of influenza vims A/PR/8/34 were 
at the same level as those of influenza virus A/W$N/33 
(Fig. IB). These data indicate that the itwbility of influenza 
virus A/PK/8/34 to infect 293T cells without Che addition 
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of farypsin to the culture Tneduun can explain relatively low 
virus titers of recotnbinant vims produced from 293T cells. 
By adding trypsin to the culture medium of tratufccted 
293T cells it is possible to produce hi^ titers of influenza 
viius A/PR/B/34. 

Analysis ofA/WSN/33-A/PR/S/34 chimeric viruses 

Wc next wished to address the question whether NA was 
the sole determinant of the difference in virus titers ob* 
tained with influenza virus A/PR/8/34 and A/WSN/33 due 
to trypsin-indepcndeDt replicaticn of the latter virus. To this 
end, chimeric influenza viruses were produced consisting of 
seven gene segments of influenza virus A/WSN/33 and one 
of Influenza virus A/PR/8/34 and vice versa and virus titers 
were deteimined in MDCK cells. Virus titers obtained upon 
transaction of 293T cells with constmcts encoding seven 
influenza virus A/PR/8/34 gene segments and one influcnia 
virus A/WSN/33 gene segment were lower than those of 
wild type influenza virus A/PR/$/34, except when segments 
2 (PBl) or 7 (M) of A/WSN/33 were used (Fig. 2A). Al- 
though FBI and M could be partially responsible fbr low 
A/PR/8/34 virus titers, the titers obtained with A/PR/S/34 
and WSN-PBl or WSN-M were not nearly as high as wild 
type A/WSN/33. Thereforei it appear^ that none of the gene 
segments of influenza virus A/PR/8/34 were solely respon- 




PB2 PB1 RA HA NP NA M NS 



(B) Exchanged pen* segment 

Fig. 2. Production of chimeric influenza viruses from transftctod 29 3T 
cells. CcUs were trMns&cted wlih scv«n constructt encoding the geno tcg- 
meats of A/PR/a/34 ind one derived from A/WSN/33 oft indkitod (puel 
A) or swen gene segineats encoding the gene tegmeau of A/W&N/33 ind 
one dertvod from A/PR/8/34 as indi«8tad (panel B). The first bw in the 
pMtel rv{nsentB wiid type A/PR/5/34 (A) Of wUd type A/WSN/33 (B). 
Supernatant! of tmufixtcd coUb were turvest»d 301) Hfter treosfectioa 
end titntted en MDCK ccllx to determine virui t]t«rs. Srror btft indicate 
the stondftid deviation ttom three indtpendoit experlftMott. 
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sible for the low vim* titers of influenza virus A/PR/S/34 
compared to A/WSN/33. 

Viruses with seven influenza virus A/WSN/33 gene seg- 
ments and one gene segment derived from A/PR/8/34 ail 
yielded titer? below wild type A/WSN/33 titers. Upon ex- 
change of gene segments 1 , 3, 5, 7, and S vims titers were re- 
duced by less than one order of magnitude. The exchange of 
HA and NA gene segments resulted in a 97-foId and 75-fold 
reduction in virus production, respectively. Influenza virus 
A/WSN/33 with PBl of A/PR/8/34 produced a virus titer 
that was four orders of magnitude lower tban that of wild 
type A/WSN/33 (Fig- 2B). 

Since the receptor-binding activity of HA needi to be bal- 
anced by the receptor-removing activity of NA, we generated 
chimeric virus in which the HA and NA genes of influenza 
vinisei A/PR/8/34 and A/WSN/33 were exchanged simul- 
taneously. Supematants were harvested 72 h after tiansfec- 
tion of 293T cells and titrated on MDCK. cells. Compared 
to 293T cells transfected with constructs encoding all eight 
influenza virus A/WSN/33 gene segments, cells transfected 
with constructs encoding six Influenza virus A/WSN/33 gene 
segments and HA and NA of influenza virus A/PR/S/34 pro- 
duced 141-fold less vims. The 293T cells transfected with 
six influenza virus A/PR/8/34 gene segments and HA and 
NA of influenza virus A/WSN/33 produced 224-ibld more 
virus than cells transfected with eight ooostmcts encocUug 
influenza vims A/PR/8/34 (Fig. 3). These chimeric viruses 
thus demonstrated that the viral surface glycoproteins play 
a significant role in determining the virus titers produced 
from 293T cells. Since we ah^ady showed that PBl a 
significant influence on virus titers produced in 293T cells 
(Fig. 2), we next exchanged PBl together with HA and NA. 
Recombinant influenza virus A/WSN/33 with segments 2, 4 
and 6 of A/PR/8/34 yielded extremely low (34. 1 TCIDjo/ml) 
viiua titers fkxiro transfected 293T cells. The reciprocal ex* 
change of A/PR/8/34 with segment 2» 4, and $ of A/WSN/33 
yielded virus titers of 3.3 y 10^ TCIDjo/in!, which is in ^e 
same range as virus titers obtained with wild type influenza 
vims A/WSN/33. These data suggest that the differences in 
virus titers between recombinant influenza vims A/WSN/33 




Fig. 3. Vmxa pruhictioD upon cxchaivse cf HA» NA» and PBl between 
A/PR/&/34 and A/WSN03. THncftcte4 293T supenututt were borvisted 
It 72h post tnnffcction mqd dtntod on MDCK cpIU to dettrmine vinia 
litcra. (White ban) wUd type vifus» iffcy Ua) «xctMng« of HA *od 
NA, (black bin) oxchangG of HA, KA, and PBl. Avenge wi standard 
deviadon calculsted fiom four iodcpcndetu expttimeivts arc shewn. 
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and A/PR/S/34 are detennined primarily by the viral surface 
glycoproteins and FBI. 



4. Discussion 

Here, we describe a reverse genetics system for the 
NIBSC vaccine strain influenza virus A/PR/8/34 adapted to 
MDCK cells. A bidirectional 8-plasmid transcription sys- 
tem that was first described for influenza virus A/WSN/33 
(Hof&nann et al, 2000) was found to be superior to our 
in-house unidirectional 12-plasmid transcription system. A 
laise difference was observed in the amount of Wrus pro- 
duced from 293T cells transfected with consmicts encoding 
influenza virus A/PR/8/34 and A/WSN/S3 and the molecu- 
lar basiA for this difference was investigated. The production 
of A/PR/8/34 could be increased slightly by changing the 
3' position 4 nucleotide from a U to a C in the non-coding 
region (NCR) of gene segments 1 , 2, 3, 6, and 7. The NCRs 
contain the promoter region for ttanscriptioa and repli- 
cation^ bind the polymerase proteins and are involved in 
influenza virus packaging. Lee and Seong showed thai the 
y position 4 nucleotide in the NCR of NA is involved in the 
temporal regulation of transcription and replication of NA 
(Lee and Seong, 1998), If this is true for all gene segments, 
this could explain the fact that the right combination of 
Us and Cs in all gene segments can lead to a higher vims 
yield. It should be noted, however* that the differences in 
virus titers for our mutant viruses were much smaller than 
eixpected from these studies on the NA gene segment 

Our Ume-coiuse analyses showed that despite similar rates 
of vini^ production during the eariy phase after tiunsfection, 
virus production of A/PR/8/34 and A/WSN/33 was differ- 
ent after >24h post transfectlon. Whereas the amount of 
virus produced by cells transfected with constructs encod- 
ing inifluenza vhus A/PR/8/34 hardly increased fi*oni 24 h 
after nansfectioa onwards, the virus titeis in the supernatant 
of celts transfected with constructs encoding influenza virus 
A/WSN/33 continued to increase logarithmically (Fig. 1 A). 
Presumably, viruses produced relatively early after cransfec- 
tion ware the direct result of transfection of the 293T cells 
whereas the late production of virus nuiy be explained by 
tiie amplification of influenza virus A/WSN/33 by infection 
of293T ceils. 

Indeed, the low titers of influenza virus A/PR/8/34 could 
be explained by the trypsin-dependent replication of this 
virus in 293T cells. The addition of trypsin to the culture 
medium of 293T cells transfected with the constructs encod- 
ing influenza virtis A/PR/8/34 nsulted in virus titers in the 
supernatant similar to those of cells transfected with con- 
structs encoding influenza vims A/WSN/33 (Fig, IB), 

The construction of PBl chimeric viruses indicated that 
this gene has a major influence on the amount of virus pro- 
duced from 293T cells (Fig. 2). The amino acid sequences 
of PBl of influenza viruses A/PR/&/34 and A/W$N/33 are 
97.0% identical (Table I). All but one of the amino acid 



residues that are different between PBl of /V/PR/8/34 and 
A/WSN/33 are found in other strains for which sequences 
are available from the Influenza Sequence Database, and it 
is therefore unlikely that these differences have detrimen- 
tal effects on virus replication. However, A/PR/8/34 has a 
unique serine residue at position 394 of PB 1« which is in the 
region of FBI that is iitvolved in binding to cRNA (Gonzalez 
and Ortin, 1999). TheoreticaUy, diis substitution could be 
(partially) responsible for the low virus titers obtained with 
A/PR/8/34. However, mutagenesis of this residue in PBl of 
A/PR/8/34 did not result in differences in virus titers (data 
not shown). 

PBl has polymerase activity and binds to PB2 and PA 
(Gonzalez et al.p 1996), vRNA and cRNA (Gonzalez and 
Ordiw 1999). One of the possible explanations for the effect 
of PBl on virus production is that one of these f\mctioiu is 
performed better by PBl of A/WSN/33 as compared to that 
of influenza virus A/PR/8/34. Another possibility is that the 
recently discovered peptide PB1F2, encoded by an alterna- 
tive open reading frame of PBl is responsible for differences 
in virus titers. For influenza virus A/PR/8/34 the PB1F2 
open reading frame encodes a 87-residue peptide that causes 
apoj^sis (Chen et al., 2001). In A/WSN/33 this open read- 
ing frame is also present but is 3 amino acid residues longer 
than PB1F2 of A/PR/8/34 and different at seven amino acid 
positions (Table 1), These differences may affect the func- 
tion of the protein arul thereby have an effbct on the amount 
of virus that is produced. However^ this is not very likely 
since Chen et al. could not detect obvious differences in 
growth ability in eggs. MDCK or MBDK cells between wild 
type and PBlF2-deficient viruses. 

Upon exchange of the HA and NA of A/PR/8/34 with 
those of A/WSN/33, virus titers in the 293T supernatant 
were almost as high as those of wild type influenza virus 
AWSN/33. When A/WSN/33 had the HA and NA of in- 
fluenza virus A/PR/S/34 inserted, virus titers dropped but 
were not as low as those of wild type A/FR/8/34. L^on ex- 
change of FBI in addition to HA and NA, virus titers were 
similar to those of wild type viruses. The effect of HA and 
NA on virus titers is not determined by WSN-NA alone, 
since WSN-NA in the context of A/PK/$/34 virus did not 
result in virus titers similar to A/WSN/33 wild type virus. 
It was shown by fCawaoka et al. that in the 1957 and 1968 
pandemic viruses besides HA and NA, PBl originated from 
an avian infiuenza strain (Kawaoka et al,, 1989). Also, Hatta 
et al. were not able to generate reassortant viruses consist- 
ing of seven gene segments of A/Mallard/New York/6750/78 
and either FBI , PA, HA or NA of A/Meraphis/8/88 (Hatta 
et al.. 2002). These data may suggest that PBl, HA and 
NA can not be easily exchanged between different influenza 
virus strahis- 

Our observation that influenza virus A/WSN/33 replicates 
in cell culture after transfectlon indicates that care must be 
taken if this struin is used for mutagenesis scudxes. Although 
high virus yields are beneficial for Such experiments, ui^ 
desired mutadons may be acquired during these limited 
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rounds of vims replication. Similarly, cocultivatioa of 
transfccted 293T cells with MDCK cells or the addition 
of nypsin to the culture medium may result in increased 
virus titers, but could also result in reverse mutations and 
second-site mutations which are undesirable Ltl many stud- 
ies. Influenza viruses A/Teal/HK/W3 1 2/97 (Hofl&nann ct al., 
2000), Amoag K£m8f4S3/97, and A/HK/486/97 (Hatta 
ct al., 2001), A/MaIlard/NY/6750/78 Ay^emphi*/8y^8 
(Hatta et al.. 2002) also generated using a S-plasmid 
or 12-plasmid reverse genetics system. For efficient gen- 
eration of high virus stocks of these viruses, however, it 
was necessary to amplity these viruses in either MDCK 
cclU or embryonated chicken eggs. Recently Schickli et al. 
and Hoffi&ann et al. also produced A/PR/S/^4 from recom- 
binant DNA using a 12*plasmid and a S-pIasmid system, 
respectively. Influenza virus A/PRy8/34 reassortant viruses 
ware produced with HA and NA of different influenza A 
vims subtypes in 293T cells cocuiturcd with MDCK cells 
(Hof&nann et al., 2002; Schickli ct al., 2001). Using a sim- 
ilar approach we have generated A/PR/8/34(NIBSC)-H3N2 
reassortant viruses (data net shown), that could be used to 
generate vaccine strains in the future. 

In the reverse geaaetics system shown here for the NIBSC 
vaccine strain of inHueoza virus A/PR/81/34, replication does 
not appear to oocur in 293T cells and It may therefore be 
the system of choice fbr some research projects despite the 
lower virus titers. When needed, e.g. for vaccine vims pro- 
duction, high virus titers of influenza virus A/PR/8/34 can be 
achieved by adding trypsin to the culture medium of trans- 
fected cells, or cocultivatioa of transfected 293T ceils with 
cells that are more susceptible to virus replication as was 
also done by Schickli et si. and Hof&nazm et at. (Hoffmann 
et al., 2002). 
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Abstract 

The antigenic variation of influenza A virus hemagglutinin (HA) and neuraminidase (NA) glycoproteins requires frequent changes in 
vaccine formulation. The classical method of creating influenza virus seed strains for vaccine production is to generate 6 + 2 reassortants 
that contain six genes from a high-yield virus, such as A/PR/8/34 (HlNl) and the HA and NA genes of the circulating strains. The techniques 
currently used are time-consuming because of the selection process required to isolate the reassortant virus. We generated the high-yield 
virus A/PR/8/34 (HlNl) entirely from eight plasmids. Its growth phenotype in embryonated chicken eggs was equivalent to that of the 
wild-type virus. By using this DNA-based cotransfection technique, we generated 6 + 2 reassortants that had the antigenic determinants of 
the influenza virus strains A/New Caledonia/20/99 (HlNl), A/Panama/2007/99 (H3N2), A/teal/HK/W3 12 (H6N1), and A/quail/HK/Gl/97 
(H9N2). Our findings demonstrate that the eight-plasmid system allows the rapid and reproducible generation of reassortant influenza A 
viruses for use in the manufacture of vaccines. 
© 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: Influenza; Vaccines; Reverse genetics 



1. Introduction 

During the 20th century, influenza A viruses of the 
HlNl, H2N2, and H3N2 antigenic subtypes have caused 
epidemics of respiratory disease in humans. In 1997, H5N1 
viruses of avian origin caused human illness and death in 
China [1,2]. In 1998 and 1999, H9N2 viruses circulating in 
poultry caused disease in humans [3]. Sequence analysis of 
the HA gene of the human isolate A/HK/1 073/99 (H9N2) 
revealed the virus to be closely related to a virus isolated 
from quail, A/quaiI/HK/Gl/97 (H9N2) [4]. These influenza 
outbreaks raised concerns about newly emerging influenza 
A viruses and the possibility of a new pandemic [5]. At 
the time of the outbreaks, no vaccines were available for 
protection against the H5 subtype. 

The licensed influenza vaccines in current use are in- 
activated virus vaccines created by growing virus in em- 
bryonated chicken eggs and subsequently purifying and 
inactivating them by chemical means. Each year, the World 
Heahh Organization selects subtypes that are representative 
of strains currently circulating in humans. The efficacy of 
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vaccines requires that the selected vaccine strains be suf- 
ficiently closely related to the circulating strains to ensure 
the induction of effective neutralizing antibodies. However, 
not all viruses that are closely related are suitable for vac- 
cine production; some grow poorly in eggs. Therefore, the 
current practice is to generate a high-growth reassortant 
that combines the high virus yield of the laboratory strain 
A/PR/8/34 (HlNl) with expression of the glycoproteins of 
the currently circulating strain [6]. 

Coinfection with two influenza viruses containing eight 
segments can theoretically result in the generation of 2^ - 
2 = 254 different progeny viruses. The selection procedure 
required to obtain the desired reassortant virus and to verify 
its gene constellation is cumbersome and time-consuming 
[7]. Although the reverse genetics method in which cells 
are transfected with in vitro-generated ribonucleoproteins, 
reduces the possible number of progeny viruses, a more 
efficient selection method is needed [8]. Plasmid-driven 
synthesis of viral RNA and proteins allows the recovery of 
infectious influenza virus without the need for helper virus 
infection [9-11]. Therefore, we investigated whether the 
eight-plasmid system which we established [II] allows the 
generation of 6-1-2 reassortant viruses. Here, we demonstrate 
the utility of this approach for the generation of high-yield 
reassortants. Our findings suggest that vaccine manufactur- 
ers can apply this DNA transfection method to cell lines 
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Table 1 



Generation of 6 + 2 reassortant influenza A viruses 


HA/NA-subtype 


Parent virus 


HA plasmid 


NA plasmid 


Recombinant virus*' 


HlNl 


A/New Caledonia/20/99 (HlNl) 


pHW454-HA 


pHW456-NA 


rgPR8-HlNl 


H3N2 


A/Panama/2007/99 (H3N2) 


pHW444-HA 


pHW446-NA 


rgPR8-H3N2 


H5N1 


A/Goose/HK/437-4/99 (H5N1) 


pHW251-HA 


pHW246-NA 


rgPR8-H5ANl^ 


H6N1 


A/teaI/HIC/W3 12/97 (H6N1) 


pHW244-HA 


pHW246-NA 


rgPR8-H6Nl 


H9N2 


A/quail/HKyGl/97 (H9N2) 


pHW409-HA 


pHW422-NA 


rgPR8-H9N2 



® Viruses were generated by transfecting cocultured 293T-MDCIC cells with six plasmids carrying the six internal genes of the virus strain A/PR/8/34 
(HlNl) and two plasmids encoding the desired HA and NA subtypes. 
*'The Nl neuraminidase was derived from A/teal/HK/W3 12/97 (H6N1). 



which are approved for vaccine production for rapid and 
reproducible generation of influenza virus vaccines. 

2. Materials and methods 

2.1. Virus strains 

The influenza A viruses used in this study (Table 1) were 
obtained from the repository of St. Jude Children's Research 
Hospital and were propagated in embryonated chicken eggs. 

2.2. RT-PCR and construction of plasmids 

RT-PCR was performed with segment-specific primers 
as described elsewhere [12]. Briefly, RNA was isolated by 
using the RNeasy kit (Qiagen). RNA was transcribed to 
cDNA by using Uni 1 2-primer (AGC AAA AGC AGG) and 
the cDNA was then amplified by using segment- specific 
primers- The HA, NP, NA, M, and NS genes of A/PR/8/34 
(HlNl) (PR8 virus) were cloned by digesting the PGR 
fi-agments with BsmBl or ^^al and ligating them into the 
cloning vector pHW2000. The P genes were cloned by iso- 
lating two (PB2, PA) or three (PBl) fragments, digesting 
them, and ligating them into pHW2000-55mBI. To ensure 
that the genes were free of unwanted mutations, the inserted 
viral cDNAs were sequenced. The eight plasmids contain- 
ing the full-length cDNA of PR8 virus were designated 
pHW191-PB2, pHW192-PBl, pHW193-PA, pHW194-HA, 
pHW195-NP, pHW196-NA, pHW197-M, andpHW198-NS. 
PGR with the primer pair Bm-HAl (TAT TCG TCT GAG 
GG A GGA AAA GC A GGG G) and Bm-NS-890R (ATA 
TCG TCT CGT ATT AGT AGA AAC AAG GGT GTT TT^ 
was used to clone HA genes of several subtypes (nu- 
cleotides representing the influenza A virus non-coding 
regions are underlined). Those primers were also used 
to characterize the recombinant viruses by RT-PCR. The 
plasmid pHW251-HA encoding a deletion mutant of the 
A/Goose/HK/437-4/99 (H5N1) hemagglutinin was de- 
rived by PGR amplification of two fragments of the 
plasmid pHW250-HA encoding the full-length H5. The 
fragments were digested with BsmB\ and inserted into 
pHW2000-^5/nBI. For cloning of pHW409-HA, the 
H9-PCR fi*agment was first inserted into the pCR2.1 vector 



(invitrogen); the resultant plasmid containing the H9 gene 
was used to subclone the H9 gene into pHW2000-55mBI. 
The construction of the plasmids pHW244-HA and 
pHW246-NA representing the HA and NA genes from 
A/teal/HK/W312 (H6N1) has been described elsewhere 
[11]. The Center for Biotechnology at St. Jude Children's 
Research Hospital determined the sequence of template 
DNA by using Rhodamine or dRhodamine dye-terminator 
cycle sequencing ready reaction kits with AmpliTaq® 
DNA polymerase FS (Perkin-Elmer Applied Biosy stems 
Inc., Foster City, CA) and synthetic oligonucleotides. Sam- 
ples were separated by electrophoresis and analyzed on 
PE/ABI model 373, model 373 Stretch, or model 377 DNA 
sequencers. 

2.3. Generation of recombinant viruses 

Recombinant viruses were generated by DNA transfection 
as described previously [11]. Briefly, the day before transfec- 
tion 293T and MDCK cells were trypsinized, (0.2-1) x 10^ 
of each cell line were used for the transfection experiments. 
Different dilutions (1:10^-1:10^) of virus stocks contain- 
ing 320-5120 hemagglutination units (HAU) per ml were 
used to infect the allantoic cavity of 1 0-day-old embryonated 
chicken eggs. The data in Table 2 represent results fi-om two 
or three experiments. 

After 48 h, the allantoic fluid was harvested for analysis. 
H5N1, H6N1, and H9N2 viruses were grown in BL3 facil- 
ities at St. Jude Children's Research Hospital. 

2.4. Hemagglutination (HA) and hemagglutination 
inhibition (HI) assays 

Fifty microliters of 0.5% chicken red blood cell suspen- 
sion in PBS was added to 50 |xl of two-fold dilutions of 
virus in phosphate buffered saline (PBS), and the mixture 
was incubated at room temperature for 30 min. The HA titre 
was calculated as the reciprocal value of the highest virus 
dilution that caused complete hemagglutination. 

For HI assays, 50 |xl of receptor destroying enzyme treated 
antiserum was titrated, and 25 jxl of an equivalent amount of 
virus (four hemagglutinating doses) was added to each well. 
After incubation at room temperature for 30 min, 50 |xl of a 
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Table 2 

Growth of 6 + 2 reassortant influenza A viruses 
Virus HA titre^ 





1 


2 


3 


4 


5 


6 


7 


8 


9 


10 


Mean 


wtPR8 


10240 


5120 


10240 


5120 


10240 


Dead 


10240 


10240 


5120 


10240 


8533 


rgPR8 


10240 


20480 


320 


10240 


5120 


640 


5120 


5120 


2560 


5120 


6496 


rgPR8-HlNl 


2560 


1280 


1280 


2560 


2560 


640 


2560 


5120 


1280 


1280 


2112 


rgPR8-H3N2 


1280 


1280 


1280 


1280 


640 


2560 


2560 


2560 


1280 


640 


1536 


rgPR8-H5ANl 


160 


320 


160 


160 


320 


160 


160 


320 


320 


160 


224 


rgPR8-H6Nl 


2560 


5120 


2560 


1280 


1280 


1280 


1280 


1280 


1280 


2560 


2048 


rgPR8-H9N2 


5120 


5120 


10240 


5120 


5120 


5120 


5120 


10240 


5120 


5120 


6144 



^ The HA titre of the allantoic fluid was determined 48 h after infection of lO-day-old embryonated chicken eggs. Assays were perfomned with 0.5% 
chicken red blood cells. Values represent the titres after infection of 10 different eggs. 



0.5% suspension of chicken red blood cells was added. The 
HI titre was determined after 30 min as the reciprocal of the 
serum dilution that inhibited hemagglutination. 

3. Results 

3 J. Generation ofA/PR/8/34 (HI NI) from eight plasmids 

The influenza A virus A/PR/8/34 (HlNl) is well adapted 
to growth in embryonated chicken eggs and is currently used 
as the master strain for the production of inactivated vac- 
cines. To generate AyPR/8/34 (HlNl) virus from plasmids, 
we amplified the eight viral RNA segments by RT-PCR 
and cloned the fragments into the plasmid pHW2000 [11]. 
Recombinant viruses were generated by transfection of 
cocultured 293T-MDCK cells with the resultant eight 
plasmids (pHW191-PB2, pHW192-PBl, pHW193-PA, 
pHW194-HA, pHW195-NP, pHW196-NA, pHW197-M, 
and pHW198-NS). The yield of virus recovered after 72 h 
was determined to be 2 x lO^pfii/ml by titration of the 
cell culture supernatant in MDCK cells. The supernatant of 
cocultured Vero-MDCK cells contained 1 x lO'^pfii/ml. 

To compare the growth of the wild- type virus (wtPRS) 
with that of the recombinant virus (rgPRS) generated by re- 
verse genetics, we infected embryonated chicken eggs with 
wild-type or recombinant virus. The allantoic fluid of 10 
infected eggs was harvested 48 h after infection. The virus 
yield was determined by HA assay. Although the HA titres 
differed among individual eggs, both viruses had HA titres 
between 5120 and 10,240 in most of the eggs and were 
therefore high-yielding isolates (Table 2). These results 
show that the A/PR/8/34 (HINl) rgPR8 virus is generated 
efficiently and reliably from eight plasmids and that the 
plasmid-derived recombinant virus has the same high-yield 
phenotype as the wild-type virus. 

3.2. Generation of the H3N2 and HlNl 6 -\- 2 reassortants 
recommended for human vaccine strains 

The A/Panama/2007/99 (H3N2) and A/New Caledo- 
nia/20/99 (HlNl) virus strains were recommended by World 



Health Organization for use in influenza vaccine in the 
year 2001/2002. To test the utility of the eight-plasmid sys- 
tem to generate reassortants representing these strains, we 
cotransfected 293T--MDCK cells with plasmids encoding 
the glycoproteins of A/Panama/2007/99 (H3N2) or A/New 
Caledonia/20/99 (HlNl) and with the six plasmids encod- 
ing the internal genes of A/PR/8/34 (Fig. 1). We found the 
HA titres in the majority of infected eggs to be 1280-2560 
(Table 2). The recombinant rgPR8-HlNl and rgPR8-H3N2 
viruses were shown by HI assay (Table 3) to be antigeni- 
cally identical to the parental viruses A/Panama/2007/99 
(H3N2) and A/New Caledonia/20/99 (HlNl). 

3.3. Generation of 6 -\- 2 reassortants from viruses 
circulating in Southeast China 

The pathogenic H5N1 viruses isolated in 1997 in Hong 
Kong were hypothesized to have been generated by reassort- 



Table 3 

Antigenic characterization of wild-type and recombinant viruses by 
hemagglutination inhibition (HI) assay 



Virus 


Antiserum 
Specific'' 


a-H7^ 


WtPRS 


2560 




rgPRS 


640 


< 


A/New Caledonia/20/99 (HlNl) 


>5120 


80 


rgPR8-HlNl 


>5120 


160 


AyPanama/2007/99 (H3N2) 


>5120 


< 


rgPR8-H3N2 


>5120 


< 


A/Goose/HK/43 7-4/99 (H5N1) 


2560 


< 


rgPR8-H5ANl 


>5120 


< 


/Vteal/HK/W3 1 2/97 (H6N 1 ) 


320 


< 


rgPR8-H6Nl 


80 


< 


/Wquail/HK/Gl/97 (H9N2) 


1280 


< 


rgPR8-H9N2 


1280 


< 


A/Eq/Prague 


< 


640 



^ specific antiserum against wild-type virus was used for each subtype. 
A/equine/Prague/1/56 (H7N7)-specific antiserum was used as a con- 
trol. 

<: No detectable inhibition of hemagglutination. 
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6 master strain plasmids from A/PR/8/34 (H1 N1 ) 




pHW.. 
-HA 



HA 



pHW... 
-NA 



NA 



2 plasmids representing HA and NA genes 
from circulating strains 





Neuraminidase (NA) 
Hemagglutinin (HA) 



vaccine strain 

Fig. 1, Eight-plasmid system for rapid generation of reassortant influenza A virus. To test the utility of the eight-plasmid system for generation of reassortant 
viruses, 293T-MDCK cells were cotransfected with six plasmids representing the A/PR/8/34 (HlNl) master strain and two plasmids representing the 
desired HA and/or NA subtypes. Influenza viruses were generated within 2-3 days after transfection. Because the viruses were derived entirely from DNA, 
no selection system was needed to isolate the desired reassortant. The rescued viruses can be used as seed viruses for growth in embryonated chicken eggs. 



ment of a Goose-H5 precursor virus [13]. The high homol- 
ogy of six segments of A/quail/HK/Gl/97 (H9N2) and seven 
segments of A/teal/HKAV3 1 2/97 (H6NI ) to those of the 
H5N1 viruses suggested that the H5N1 viruses were derived 
from H9N2 or H6N1 viruses circulating in Asia [4,14,15]. 
The close relationship of those viruses to the pathogenic 
H5N1 viruses which caused disease in humans indicates that 
those viruses could be transmitted to mammalian species. 
Indeed, H9N2 viruses closely related to the Gl lineage have 
been isolated from humans [3,16], 

To evaluate whether 6 + 2 reassortants could be de- 
rived from currently circulating H6N1 and H9N2 sub- 
types, we cotransfected 293T-MDCK cells with plasmids 
containing the hemagglutinin and neuraminidase genes 
from A/teal/HK/W3 12/97 (H6N1) or A/quail/HK/Gl/97 



(H9N2) and with the six plasmids representing the internal 
genes of the PR8 virus. The HA titres of the reassortants 
were 5120-10,240 for rgPR8-H9N2 and 1280-5120 for 
rgPR8-H6Nl (Table 2). Antigenic analysis (Table 3) con- 
firmed that the rgPR8-H6Nl and rgPR8-H9N2 viruses were 
of the same subtype as A/teal/HKAV3 12/97 (H6N1) and 
A/quail/HK/Gl/97 (H9N2). 

Preparation of high-growth reassortants for the pro- 
duction of H5N1 vaccine strains is difficult, because the 
infected chicken embryos die within 1 day after infec- 
tion. The high lethality of H5N1 strains in chickens is 
associated with the basic amino acids of the connecting 
peptide between the HAl and HA2 subunits. Therefore, 
we constructed a plasmid in which the region encoding 
the connecting peptide (T QRERRRKKR i G) of the H5 
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from A/Goose/HK/437-4/99 (H5N1) was replaced with 
a sequence found in the H6 of A/teal/HKAV3 1 2 (H6N1) 
(FQ IETR I G). This plasmid and the plasmid encoding Nl 
neuraminidase from A/teal/HKAV3 1 2/97 (H6N1) (closely 
related to the neuraminidase of the pathogenic H5N1 viruses 
from 1997) together with the six PR8-plasmids were co- 
transfected into 293T-MDCK cells resulting in the genera- 
tion of rgPR8-H5ANl virus. This reassortant virus yielded 
an HA titre of 160-320, 48 h after infection (Table 2). 

3.4. Characterization of the reassortant viruses by RT-PCR 

Although controls were included in the experiments and 
no wild-type viruses were used during the DNA trans fec- 
tion experiments to minimize the possibility of laboratory 
contaminations, RT-PCR was performed to confirm that the 
recovered influenza viruses were reassortants with the PR8 
backbone. The NS and HA genes of the 6 + 2 reassortants 
were amplified by RT-PCR with the primer pair Bm-HAl 
and Bm-NS-890R, which were previously shown to amplify 
these genes [12]. Partial sequencing of the PGR products 
with segment- specific primers confirmed that the HA genes 
were derived from the designated subtypes and that all of the 
A^iS" genes were derived from PR8 virus. These results show 
that reassortant influenza A viruses of the HlNl, H3N2, 
H5N1, H6N1, and H9N2 subtypes can be generated rapidly 
and reproducibly. 

4. Discussion 

The eight-plasmid virus generation system that uses the 
human RNA polymerase-I promoter requires the use of 
cell lines derived fi^om humans or monkeys because of the 
species specificity of pol I— mediated transcription [17]. In 
this study, we used 293T cells for virus generation because 
those cells have high transfection efficiency resulting in 
high virus yield. To ensure the safety of a vaccine, cell lines 
approved for influenza virus vaccines, such as Vero monkey 
kidney cells can be employed for primary virus generation 
by DNA transfection. In addition to the use of approved cell 
lines certified cell culture media and transfection reagents 
approved for vaccine production have to be used. It is antic- 
ipated that the resultant 6-1-2 reassortant viruses after those 
technical modifications will have the same high-growth 
phenotype as those generated in this study. For the subse- 
quent production of vaccines, embryonated chicken eggs or 
continuous cell lines can be used. Because of the limited 
availability of eggs for the production of virus, continuous 
cell lines are considered an attractive alternative. There is 
evidence that human viruses propagated in cell lines are 
more likely than those propagated in eggs to have an HA 
that resembles the HA of the original human isolate [18-20]. 
For the production of vaccines, any cell line which allows 
the efficient replication of influenza virus, such as Vero cells 
or St. Jude porcine lung (SJPL) cells, can be used [20-22]. 



We have demonstrated that H3N2 and HlNl reassor- 
tants generated by DNA transfection grow to moderate 
to high titres in eggs — a growth level equivalent to that 
observed in classical reassortment techniques. The H6N1 
and H9N2 reassortants from subtypes currently circulating 
in Southeast China grew to high titres in eggs, indicating 
that our 6-1-2 approach can generate high-yield reassor- 
tants of these subtypes. Our findings support the view 
that the six internal genes of the PR8 virus are important 
for the high-yield phenotype. Because rgPR8-H5ANl and 
rgPR8-H6Nl viruses differed only in the HA gene, the 
lower yield of rgPR8-H5ANl virus was caused by the 
H5A hemagglutinin. These results show that not only the 
internal genes but also the hemagglutinin gene are determi- 
nants of the virus yield in eggs. Deletion of basic amino 
acids (PO RERRRKKR i G ^ VQ RETR I G) of A/Hong 
Kong/483/97 (H5N1) resulted in a variant that was atten- 
uated in mice [23]. Possibly, the genetic alteration of the 
H5 molecule reduces the replication efficiency of a virus in 
mice and in eggs. Further studies using the eight-plasmid 
system allows to elucidate whether the yield of H5N1 
viruses can be increased by genetic manipulation of the H5 
(e.g. the addition of amino acids to the connecting peptide) 
or the P/?5-genes. 

The use of 6 + 2 plasmids to generate 6 + 2 reassortant 
influenza A viruses eliminates the need for a selection sys- 
tem, thus simplifying the creation of viruses of the desired 
subtypes. The rapid generation of reassortants and the im- 
proved full-length amplification of influenza gene segments 
by RT-PCR [12] suggest that plasmid collections represent- 
ing different subtypes of circulating strains, including those 
isolated from humans and animals, should be created in 
concert with surveillance studies. We have rescued reassor- 
tant PR8 viruses representing 1 5 HA and nine NA subtypes 
(data not shown) by using the same technique; therefore, 
this method is applicable to all influenza virus subtypes. If 
new pathogenic viruses should emerge, plasmids represent- 
ing the closest antigenic subtype can be used to produce 
vims seed suitable for manufacturing a vaccine. 

The classical reassortment method currently in use re- 
quires lengthy screening and selection procedures that cre- 
ate a 2-3-month lag time between identification of a new 
strain and the start of vaccine production. If plasmid collec- 
tions were available, only 1-3 weeks would be needed to 
generate reassortants by the DNA transfection method. The 
vaccines could then enter production and become available 
within about 4-5 months. This 2-month reduction in lag time 
could be crucial in reducing the spread of a newly emerg- 
ing pathogenic virus. Further, generation of 6 -h 2 viruses 
by the PR8-plasmid method does not require multiple pas- 
sages in eggs, as does the classical reassortment method. Vi- 
ral adaptation to growth in eggs can alter the HA antigens, 
thereby compromising the protective effect of the vaccine 
product [24]. Therefore, the de novo generation of reassor- 
tant influenza viruses by DNA transfection would produce 
virus seed more quickly, and the product would be more 
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reproducible and more likely to closely match the circulat- 
ing strain antigenically. 
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Responsiveness to a pandemic alert: use of reverse genetics for 
rapid development of influenza vaccines 



R J IVebby, D R Perez, J S Coleman, Y Guan, J H Knight, E A Govorkova, L R McCiain-Moss, J S Pe/r/s, J E Rehg, 
E I Tuomanen, R G Webster 



Summary 

Background In response to the emergence of severe 
infection capable of rapid global spread, WHO will issue a 
pandemic alert. Such alerts are rare; however, on Feb 19, 
2003, a pandemic alert was issued in response to human 
infections caused by an avian H5N1 influenza virus, A/Hong 
Kong/213/03. H5N1 had been noted once before in human 
beings in 1997 and killed a third (6/18) of infected people.'-^ 
The 2003 variant seemed to have been transmitted directly 
from birds to human beings and caused fatal pneumonia in 
one of two infected individuals. Candidate vaccines were 
sought, but no avirulent viruses antigenically similar to the 
pathogen were available, and the isolate killed embryonated 
chicken eggs. Since traditional strategies of vaccine 
production were not viable, we sought to produce a candidate 
reference virus using reverse genetics. 

Methods We removed the polybasic aminoacids that are 
associated with high virulence from the haemagglutinin 
cleavage site of A/ Hong Kong/213/03 using influenza 
reverse genetics techniques. A reference vaccine virus was 
then produced on an A/Puerto Rico/8/34 (PRS) backbone on 
WHO-approved Vero cells. We assessed this reference virus 
for pathogenicity in in-vivo and in-vitro assays. 

Findings A reference vaccine virus was produced in Good 
Manufacturing Practice {GMP)-grade facilities in less than 
4 weeks from the time of virus isolation. This virus proved to 
be non-pathogenic in chickens and ferrets and was shown to 
be stable after multiple passages in embryonated chicken 
eggs. 

Interpretation The ability to produce a candidate reference 
virus in such a short period of time sets a new standard for 
rapid response to emerging infectious disease threats and 
clearly shows the usefulness of reverse genetics for influenza 
vaccine development. The same technologies and procedures 
are currently being used to create reference vaccine viruses 
against the 2004 H5N1 viruses circulating in Asia. 

Lancet 2004; 363: 1099-103 
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Introduction 

In February, 2003, two family members were admitted 
to intensive care wards in Hong Kong Special 
Administrative Region with influenza-like respiratory 
illness. Avian-like H5N1 influenza viruses were isolated 
from both patients, one of whom succumbed to 
infection. This was the first time since 1997 that 
H5N1 viruses had been identified in human beings, and 
WHO responded by issuing a pandemic alert. Candidate 
vaccines were immediately sought. The recent outbreak 
of severe acute respiratory syndrome (SARS) had been 
a striking example of the rapid and global spread 
of an emerging infectious disease. However, even the 
effects of SARS could be dwarfed by those that could 
arise with the emergence of an influenza pandemic. 

Infection caused by the influenza A virus is a zoonosis, 
and the animal reservoir of this virus is the aquatic 
bird populations of the world. The compelling 
epidemiological link between the presence of the virus in 
poultry in live-bird markets and the appearance of H5N1 
in human beings in 1997 suggested that influenza A 
viruses can be transmitted directly from avian species to 
man and can cause severe respiratory disease.'"^ Although 
control of the 1997 outbreak was achieved 
by culling millions of birds in the Hong Kong markets,* 
this episode demonstrated that the capability for an 
effective global response to emerging influenza threats 
was poor because of technical, legislative, and 
infrastructural limitations. A disturbing finding that 
emerged from this event was that the scientific 
community was unable to produce an effective vaccine 
even after several years. 

The inactivated human influenza vaccines in use today 
are derived from essentially modified viruses. By 
exploiting the segmented nature of the influenza A 
genome, vaccine manufacturers and the laboratories of 
the WHO influenza network have produced a reassortant 
virus carrying the circulating virus's gene segments 
that encode haemagglutinin and neuraminidase, the 
major targets of neutralising antibodies. The remaining 
six-gene segments are supplied from PR8, a laboratory- 
adapted avirulent HlNl strain.' The resulting 
reassortant virus has the antigenic properties of the 
circulating strain and the safety and high-yield properties 
of PRS. 

The first batch of inactivated material against the 
1997 H5NI virus was not ready for clinical trial until 
7 months after the second case of human infection arose, 
and even today the effectiveness of vaccine against this 
virus has not been proven. A key reason for this delay in 
the production of an H5N1 -specific vaccine was the 
nature of the virus itself. The H5N1 virus is highly 
pathogenic in human beings and poultry. The agent 
must be handled only under conditions of at least 
biosafety level 3 (BSL3), and it can kill fertilised chicken 
eggs, the standard medium for the reassortment and 
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propagation of influenza virus before its inactivation and 
formulation for use in vaccines. These same traits are 
present in the 2003 H5N1 virus. 

The pathogenic nature of these H5N1 viruses is linked 
to the presence of additional basic residues in 
haemagglutinin at the site of cleavage, a step required for 
haemagglutinin activation and, thus, for virus entry into 
cells.'"' To overcome the high pathogenicity of the virus, 
polybasic aminoacids have to be eliminated. A rapid, 
reproducible system to achieve these modifications — ie, 
plasmid-based reverse genetics — has been developed 
only in the past 4-5 years'""'- The potential benefits of 
reverse genetics for the generation and attenuation of 
vaccine candidates against highly pathogenic and low 
pathogenic influenza viruses are enormous."'" However, 
the host specificity of the RNA polymerase I promoter 
used in the influenza reverse-genetics systems and the 
required use of an approved cell line limits the practical 
options for the system's use in the manufacture of 
human vaccines. The vaccine-candidate reference virus 
stock described in this report has been produced entirely 
on a cell substrate licensed for the manufacture of 
human vaccine, and as such, is — to our knowledge — the 
first reverse genetically derived influenza vaccine suitable 
for testing in clinical trials. We describe the construction 
of a vaccine reference virus in Good Manufacturing 
Practice (GMP)-grade facilities in less than 4 weeks 
from the time of virus isolation. Our findings highlight 
the speed with which new technologies can be 
implemented in response to influenza pandemic alerts. 

Methods 

Cells and A/Puerto Rico/8/34 plasmids 

We obtained WHO-approved Vero cells (WHO-Vero, 
X38, pi 34) from the American Type Culture Collection 
(Manassas, Virginia, USA). Passage- 142 cells (five 
passages since their removal from a working cell bank) 
were used for the rescue of the vaccine-candidate virus. 
The plasmids containing the genes from PR8 have been 
described elsewhere." 

Virus propagation, RNA extraction, PGR amplification, 
and haemagglutinin and neuraminidase gene cloning 

We obtained A/Hong Kong/213/03 (H5N1) that had 
been passaged in eggs from the WHO influenza network. 
The virus was isolated and propagated in 10-day-old 
embryonated chicken eggs. Total EINA was extracted 
from infected allantoic fluid with use of the RNeasy kit 
(Qiagen, Valencia, CA, USA) in accordance with 
manufacturer's instructions. Reverse transcription was 
carried out with the unil2 primer (5'-AGCA 
AAAGCAGG-3') and AMV reverse transcriptase 
(Roche, Indiana Biochemicals Indianapolis, USA). The 
removal of the connecting peptide of the haemagglutinin 
was done with use of PGR with the following primer 
sets: (1) Bm-HA-1 (5'-TATTCGTCTCAGGGAGCAA 
AAGCAGGGG-3') and 739AR (5'-TAATCGTC 
TCGTTTCAATTTGAGGGCTATTTCTGAGCC- 
3')i and (2) 739AF (5'-TAATCGTCTCTGAAA 
CTAGAGGATTATTTGGAGCTATAGC-3') and 
Bm-NS-890r (5'-ATATCGTCTCGTATTAGTAG 
AAACAAGGGTGTTTT-3'). We amplified the 
neuraminidase gene of A/Hong Kong/213/03 using 
the primer pair Ba-NA-1 (5'-TATTGGTCTC 
AGGGAGCAAAAGCAGGAGT-3') and Ba-NA-1 41 3r 
(5'-ATATGGTCTCGTATTAGTAGAAACAAG 
GAGTTTTTT-3'). PGR products were purified and 
cloned into the vector pHW2000 as described 
previously." 



Rescue of virus from Vero cells 

The rescue of infectious virus from cloned cDNA was 
done under GMP conditions. Vero cells were grown to 
70% confiuency in a 75 cm^ flask, trypsinised (with 
trypsin-versene), and resuspended in 10 mL of Opti- 
MEM I (Invitrogen, Carlsbad CA, USA). To 2 mL of cell 
suspension we added 20 mL of fresh Opti-MEM I; then, 
we added 3 mL of this diluted suspension to each well of a 
six-well tissue culture plate (about IXIO** cells per well). 
The plates were incubated at 37°C overnight. The next 
day, 1 jxg of each plasmid and 16 |xL of TransIT LT-1 
transfection reagent (Panvera, Madison, WI, USA) were 
added to Opti-MEM I to a final volume of 200 ^jiL and 
the mixture incubated at room temperature for 45 min. 
After incubation, the medium was removed from one well 
of the six-well plate, 800 |jlL of Opti-MEM I added to the 
transfection mix, and this mixture added dropwise to 
the cells. 6 h later, the DNA-transfection mixture was 
replaced by Opti-MEM L 24 h after transfection, 1 mL of 
Opti-MEM I that contained 1 (xg/mL L-(tosylamido-2- 
phenyl) ethyl chloromethyl ketone (TPCK)-treated 
trypsin (Worthington Biochemicals, Lakewood, NJ, USA) 
was added to the cells. About 72 h after the addition 
of TPCK-trypsin, the culture supematants were harvested 
and clarified by low-speed centrifugation; we then 
injected 100 jxL of the clarified supernatant into the 
allantoic cavity of individual 10-day-old pathogen-ft-ee 
embryonated research grade eggs (Charles River 
SPAFAS, North Franklin, CT, USA). 

Pathogenicity testing in chickens 

Ten 4-week-old chickens received intravenous injections 
of 01 mL diluted virus (dilution ratio, 1/10). We 
monitored chickens for signs of disease for 10 days using 
the Intravenous Pathogenicity Index, approved by the 
Office of International Epizooites (OIE). Additionally, we 
took tracheal and cloacal swabs (in 1 mL of media) 
3 days and 5 days after infection, and we did assays 
for the presence of virus by injection of 01 mL into all 
of three 10-day-old embryonated chicken eggs. 
Haemagglutination activity in the allantoic fluid of these 
eggs was assessed after incubation at 35''C for 2 days. 

Pathogenicity testing in ferrets 

We tested pathogenicity of the vaccine in five young adult 
male ferrets (Marshall's Farms, North Rose, NY, USA) 
aged 4-8 months (weight about 1 - 5 kg) that were shown by 
haemagglutination inhibition assays to be seronegative for 
currently circulating human influenza A viruses (H3N2, 
HlNl) and H5N1 viruses. We anaesthetised the ferrets 
with inhaled isoflurane, and they were then infected 
intranasally with 10'' 50% egg infectious dose (EID5o)/mL of 
vaccine reassortant virus or wildtype virus. We monitored 
the ferrets once per day for signs of sneezing, inappetence, 
and inactivity, and we recorded rectal temperatures and 
bodyweights. 3, 5, and 7 days after infection, the ferrets 
were anaesthetised with ketamine (25 mg/kg), and we 
collected nasal washes using 1 mL of sterile phosphate- 
buffered saline (PBS) containing antibiotics. We measured 
titres of virus in these washes with EID^ assays. 

To fijrther assess the pathogenicity of the viruses, we 
collected tissue samples firom lungs, brain, olfactory 
bulb, spleen, and intestine for virus isolation and 
histopathological analysis at the time of death or in the case 
of three ferrets, after euthanasia at day 3 after infection. 
The tissues were fixed in 10% neutral buffer formalin, 
processed and embedded in paraffin, sectioned at 5 jjig, 
stained with haematoxylin and eosin and examined by light 
microscopy in a blinded fashion. 
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Stability testing in eggs 

To test the stability of the vaccine virus on propagation, 
we made 16 consecutive passages of the virus in 
embryonated chicken eggs. A 10 " dilution of the virus was 
made in PBS, and 0-1 mL of the solution was injected 
into the allantoic cavities of all of four 10-day-old 
embryonated chicken eggs. Eggs were incubated at 35°C 
for 1 '5-2 days. After incubation, each egg was candled to 
determine embryo viability before chilling at 4°C. We 
harvested 2 mL of allantoic fluid from each egg harvested, 
and samples were pooled together, tested for 
haemagglutination activity, and then reinjected into 
another four eggs. 

Role of the funding source 

The sponsor had no role in study design, in the collection, 
analysis, and interpretation of data, in the writing of the 
report or decision to submit this manuscript for publication. 

Results 

Alteration of haem agglutinin cleavage site and virus 
rescue 

The first challenge we faced in producing a vaccine 
against A/Hong Kong/213/03 (H5N1) was to attenuate 
the virus in preparation for mass production. Previous 
experiences have shown that removal of the basic 
aminoacids at the haemagglutinin cleavage site 
substantially attenuates pathogenic influenza viruses.""" 
Using a PCR-based mutagenesis approach, we replaced 
the cleavage site encoded by the haemagglutinin gene of 
A/Hong Kong/213/03 (H5N1) widi that of the avirulent 
A/teal/Hong KongA)C^3 12/97 (H6N1) (figure 1); this 
modified haemagglutinin gene and the neuraminidase 
gene of A/Hong Kong/213/03 (H5N1) were cloned 
individually into the vector pHW2000.*' The two 
resulting plasmids and the six plasmids encoding the 
remaining proteins of PR8'^ were transfected into WHO- 
approved Vero cells under GMP conditions to rescue the 
vaccine seed virus, A213/PR8. 36-48 h after transfection, 
isolated areas of cytopathic effect could be seen on the 
Vero monolayers. Although addition of further 1 \ig 
aliquots of TPCK- treated trypsin every 24 h led to a 
proportional increase in the cytopathic effect, it was not 
required for successful virus rescue. The candidate 
vaccine strain grew to high titres on subsequent 
amplification in eggs (haemagglutination titres of 
1024-2048) and did not cause embryo death. The vaccine 
seed virus was unable to form plaques on Madin-Darby 

A/teal/HK/W312/97 (H6N1) 



A213/PR8 

A/Hong Kong/213/03 
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Rgure 1: Creation of haemagglutinin protein of candidate 
vaccine seed 

Haemagglutinin protein of the candidate vaccine seed {A213/PR8) was 
produced by replacing the connecting peptide of the A/Hong 
Kong/213/03 haemagglutinin gene with that of the A/Teal/ Hong 
Kong/W312/97 gene. 
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Day from infection 

Figure 2: Weigiit changes of ferrets Infected with wlldtype 
A/Hong Kong/213/03 or A213/PR8 

Vertical bars show SD. 

canine kidney (MDCK) cells in the absence of trypsin, a 
trait consistent with that of influenza viruses that lack 
the polybasic cleavage site, and was antigenically 
indistinguishable from the parental H5N1 virus in 
haemagglutination inhibition assays. The rescued virus 
was fully sequenced and was identical to the plasmids 
used in its creation. 

Pathogenicity testing of the candidate reference virus 

To assess the pathogenicity of the H5N1 vaccine seed 
virus, we compared the properties of this virus with those 
of the wildtype A/Hong Kong/213/03 (H5N1) in ferrets 
and in chickens. By stark contrast with the wildtype virus, 
which was lethal to all chickens within 48 h of infection, 
intravenous administration of a 1/10 dilution of A213/PR8 
did not result in any signs of infection in chickens, and we 
were unable to detect any virus in swabs of cloacae or 
tracheae from inoculated birds. Compared with A/Hong 
Kong/213/03 (H5N1), A213/PR8 was attenuated in 
ferrets that had been inoculated intranasally with 
10*^ EID50 of virus. Ferrets infected with A/Hong 
Kong/213/03 had inappetence and weight loss (figure 2), 
with one infected animal dying 6 days after infection and a 
second killed 10 days after infection because of hind-limb 
paralysis. Infection in these animals was characterised by 
viral shedding until 7 days after infection and replication 
of virus in the lower respiratory tract and olfactory bulb 
(as determined by virus isolation). In the A/Hong 
Kong/213/03 infected animals, there was a mild 
mononuclear cell infiltrate in the meninges and tracheal 
submucosal mucous glands and an extensive 
bronchopneumonia. The pneumatic infiltrate progressed 
in severity from the bronchi to the pleura. The bronchi 
and bronchioles contained sloughed necrotic epithelial 
ceils, numerous mononuclear cells, and a few neutrophils. 
The alveoli were consolidated with inflammatory cells and 
fibrin (figure 3). By contrast, those ferrets infected with 
A213/PR8 did not lose weight (figure 2) and seemed to 
remain healthy during the study (14 days) (figure 3). 
Virus was detected in die nasal washes of these animals at 
5 days but not 7 days after infection, and virus was 
recovered from the upper respiratory tract only. By light 
microscopy, the meninges and trachea of the A2 1 3/PR8 
infected ferrets did not have an inflammatory infiltrate 
and only a few neutrophils were noted occasionally in 
pulmonary bronchi. Our results clearly show that 
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Figure 3: Ferret lung 3 days after infection with wlldtype virus 
(A) and the reverse genetic virus A213/PR8 (B) 

(A) Alveoli are filled with inflammatory cells and the bronchiolar 
submucosa is oedematous. (B) Alveoti are free of Inflammatory cells and 
there are a few neutrophils on the surface of the bronchiolar epithelium. 
Magnification x20. 

A213/PR8 was attenuated. In view of our findings, this 
virus can be safely handled with standard precautions in 
BSL2 containment facilities. 

Stability of non-pathogenic phenotype 

Because the mechanisms and requirements for the 
accumulation of basic aminoacids at the haemagglutinin 
cleavage site are not entirely understood, we wanted to 
confirm that the altered cleavage site remained stable on 
multiple passages in embryonated chicken eggs. Such 
passaging in eggs would occur in transition and 
amplification of the reference virus to vaccine stock. The 
rescued virus was stable on continued serial passage in 
embryonated eggs, and we did not detect any change in 
nucleotide sequence of the haemagglutinin cleavage site 
after 16 passages. There was no evidence of changing 
pathogenicity of the virus and we noted only one dead 
embryo at passage 15. No haemagglutination activity was 
evident in this egg and no embryo death was seen in 
passage 16, which strongly suggests that the death was not 
related to virus replication. Haemagglutination titres at 
each passage ranged from 5 1 2 to 2048 with no apparent 
trend of increasing or decreasing titres in subsequent 
passages. 



Discussion 

The rapid response in terms of potential vaccine reference 
virus production to the 2003 H5N1 outbreak differs 
strikingly from the response to the 1997 episode. This 
difference is attributable to the new scientific technology 
available in 2003 and, just as importandy, to the 
infi-astructure for virus surveillance in Hong Kong 
developed since 1997. The first case of H5N1 influenza in 
Hong Kong was in May, 1997; yet several months elapsed 
before this virus was finally characterised as an H5N1 
virus. In 2003, the causative agent was identified only 
hours after admission of the patients to the hospital. The 
increased awareness, surveillance, and availability of 
reagents to identify influenza viruses of all subtypes bode 
well for the rapid identification of viruses that arise from 
future interspecies transfer events and for the 
coordination of international vaccine development by 
WHO. The timely distribution of candidate viruses is a 
very important step in the development of vaccines for 
pandemic emergencies. Despite the heightened security 
and documentation requirements for shipping and 
receiving potential bioterrorism agents, the H5N1 and 
SARS outbreaks have shown that in true emergencies, 
global distribution is feasible. 

Although it is pertinent to prepare for future pandemics 
by stockpiling potential vaccine strains, the H5N1 
situation in 2003 — and the ongoing H5N1 outbreaks 
throughout Asia in 2004 (http://www.who.int) — have 
highlighted the fact that some of the focus of pandemic 
planning must go into the implementation of technology 
to rapidly produce vaccines firom field isolates. Although 
viruses similar to A/Hong Kong/213/03 (H5N1) had been 
circulating in bird populations, these viruses were 
antigenically distinct, despite high genetic similarities 
(Guan Y and Peiris JS, unpublished data). That the 
aminoacid differences are on the globular head of 
haemagglutinin and seem to be responsible for much of 
the antigenic difference means that even a vaccine 
previously prepared fi-om genetically similar precursor 
viruses might not provide adequate protection. We may 
well be faced with potential pandemic situations in the 
future and the rapid production of a matched vaccine will 
be needed — a point again highlighted by H5N1 outbreaks 
in 2004. Although the reference virus described in this 
report was prepared from a virus isolated in a similar 
geographic region and only a year earlier, it shares only 
limited antigenic cross-reactivity to the 2004 H5N1 
viruses. Hyperimmune sheep serum samples produced 
against the purified haemagglutinin of A213/PR8 has at 
least a six-fold reduced haemagglutination inhibitory 
activity against A/Vietnam/ 1203/04 as compared with 
A/Hong Kong/213/03. As our findings show, we have the 
technical capabilities to respond rapidly to outbreaks with 
a safe and stable reference virus, but there is still much to 
be accomplished before such viruses can be fully used in 
pandemic and interpandemic influenza vaccine 
production. 

The use of reverse genetics introduces a number of new 
processes into influenza vaccine manufacture that are not 
encountered with standard reassortment methods. One of 
the most obvious is the need for cultured cells. Although 
both Vero'" and MDCK'^*^" cells are in development as 
substrates for the growth of influenza vaccine, there are 
additional requirements for the use of cells in reverse 
genetics. Unfortunately, the number of suitable cell lines 
is very small. In addition to the regulatory requirements, 
the choice of cell is also limited by the technology. The 
plasmid based reverse-genetics systems"^'- use the species- 
specific human RNA polymerase I promoter, which 
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necessitates the use of cells from primate origin. The Vero 
cell line is probably the only option currently able to meet 
both regulatory and technical demands. We have shown 
that Vero cells can be used to successfully rescue HlNl, 
H3N2, H6N1, and H9N2 viruses on the PR8 backbone 
using the 8-plasmid system.^' Others have demonstrated 
the suitability of Vero cells for alternative influenza virus 
reverse-genetics systems.'" Although cultures of Vero cells 
are easily obtained, only cells from fully tested and 
licensed cell banks are likely to be acceptable for vaccine 
manufacture. This issue must be acknowledged and 
access to such cells must be incorporated as part of future 
pandemic plans. 

That future threats of influenza pandemics will be 
addressed by the use of the technology described in this 
report seems inevitable. Despite the presence of low 
pathogenic surrogate strains, the recent human death 
from influenza-like illness caused by highly pathogenic 
H7N7 virus in the Netherlands" reinforces the fact that 
future outbreaks will probably occur in which this reverse- 
genetics technology provides the logical — and, possibly, 
the only — way to respond rapidly and effectively. 
Although our response to the outbreak of H5N 1 influenza 
in 2003 has shown that current scientific capabilities are 
sufficient to respond to the threat, there are still legal and 
infrastructural barriers to be overcome." These barriers 
include licensing and intellectual property issues 
surrounding what is, essentially, a genetically modified 
organism. Yet, these difTiculties are not insurmountable 
and pandemic scares such as the 2003 and ongoing 2004 
H5N1 outbreaks are forcing commercial and regulatory 
parties to address these issues with some urgency. With 
the development of the 2003 H5N1 vaccine reference 
virus, and ongoing attempts to create the same for the 
2004 virus, the challenge in responding to a threat of an 
influenza pandemic must now be supported by the large- 
scale manufacture of the vaccine and by clinical trials of a 
new vaccine manipulated by reverse genetics. 
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"Ambisense" Approach for the Generation of Influenza A Virus: 
vRNA and nnRNA Synthesis fronn One Template 
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Wo present a Gystam for creating Influenza virus by 64Snoratln9 viral PNA (vRNA) and mflNA from one tsmpleto. Rec^niiy. 
a system for ihe generation of influenza A vlru3 entirely from cloned cDNAs was established (Neumann ef a/., 199$. Proc. 
Natl, Acad, Sci. USA 96, 9^45^350). Celts were transfected with plaemids for BNA polymerase l-cJrivtiin intracellular 
synthesis of all eight viral RNAs, and with protein expression plasmids for the synthesis o1 virei structural proteina. Although 
this system is highiy offlctent in virus generation, me construction end cotrartfifecxlon of 17 plasmids la cumbersome and may 
limit the use of this system to coll lines that can be tranafeeted with high efflclencieB. Syntheaizing Doth vRNA end mRNA 
from one template would reduce the number of plasmids required for virus generation. Thererora. wo generated a 
bidirectional transcription construct that contains cDNA encoding PB1 flanked by an RNA polymerase I (pol l) promoter for 
vRNA synthesis and an RNA polymerase II <pol II) promoter ror mRNA synthesis. The utility of this approach is proved by the 
generation of virus after transfect/oQ the pel l/pol ll-promoter-PBI construct together with vRNA- and protem-expresslon 
constructs for the remaining seven segments. Because this approach reduces the number of plasmids required for virus 
genaration. ft alao reduces the work necessary for cloning, probably enhances tho efficiency of virus generation, and expands 
the use of the reverse-genetics system to cell lines tor which efficient cotrenafectlon of 17 plasmlda cannot be achieved. 
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INTRODUCTION 

Influenze A virus is a negative-sirancj RNA virus with a 
segmented genonne consisting of eight vtrel RNA seg- 
ments. The genomic RNAs contain one or more open 
reading frames that are flanked by noncoding sequences 
at the 5' and 3' ends of the RNA molecules (Dessel- 
tperger ef a/., 1980). The viral RNAs are associated with 
vtral NP and potymera.se proteins (PBl, PB2. and PA) in 
virions and in infected cells to form ribonucleoprotein 
(RNP). complexes (l-isu et a/., 1987). After the RNP com- 
plexes enterjthe nucleus, the RNA segments are repli- 
caiied- end transcribed to yield three types of RNA mole- 
c0f^s;.The vRiNA Is transcribed into cRNA. which is 
dbpied into vRNA. The vRN A serves as template for the 
.i.^^rillS'ejajs 0^ from which viral proteins are trans- 

ti^tad. Late, in tlie life cycJe, the genomic RNAs and 
■pryt^in^^ into new progeny virus particles 

6^^ |, new replication cyclje. 
.■'■r^ methods, have 'been developed for genetic 
•;;S^.fig]^^^^^ A viruses (Luytjes.e? sA, t989; 

:.^<)g^^^^er (RNP) transfec- 



fg^^^pjv^filp.^^^^ be ad 




tton system developed by Palese and coworkers (Luyiies 
ef eL, 1989; Enami et aL, 1990) is based on ihe in vixro 
transcription reaction for synthesis of RNA molecuies. 
RNP complexes are made by incubating the RNA tran- 
scripts with purified nucleoprotein and the three poly- 
merase aubuniis (PBl. PB2. PA), After the reconsxiiutod 
RNP complexes are transfected into eukaryotic cells, a 
helper virus is used as the source of the proteins needed 
for replication of the recombinant RNP molecules. 

Hobom and coworkers (Zobel etaL, 1993; Neumann et 
al.. 1994) developed a system based on the precise 
transcription of an influenza virus cDNA template by the 
cellular RNA polymerase I (pol I) complex! In this systerr:, 
the viral cDNA is inserted between a pol i-promoter and 
terminator sequence. After in vivo synthesis of genomic 
infiuenza-like RNA molecules, the nucleoprotein and 
polymerase proteins are delivered by infection wim 
helper virus, thus forming functional RNPs in mouse cr 
primate cells (Neumann ex aL, 1994; Hoffmann, 1997). 
Pleschka and colleagues (1996) also used a pol I-pro- 
moter for the transcription of viral cDNA. but the 3' end of 
the viral RNA was generated by the autocata lytic cleav- 
age of a hepatitis delta ribozyme sequence. However, 
the potential use of the RNP- and the DNA-transfection 
mothocfs la limited, because of the use of a helper virus, 
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wt^.icf) recjuire-; a sfong se,eciion sysuun lo obiair the 
ces.red vin^^i from a vast background heipo: virus. 

In a previous 9AuCy- a piasmid^ba^^od system was used 
to crovida both viral HNja aad viral oroieins for ihe gen- 
eroiion 01 ir^fiueir^a A viruses wiihout helper virus infec- 
tion (Neumann e/a/., 1999). This roverse-genet.cs system 
proved 10 be highly efficient for the genc^rarion of the 
A/vVSN/33 (HIND v;rus in 'dB3J celSsl However, this sys- 
ie;-n. which cofitain.?.; the pol I'and pol II promoters with 
the influenza virLis cDNAs on difterem plasmids. requires 
ihe consirucilon of at least 12 plasmids for efficient virus 
recovery. Transfectior^ of cells with this rtiany plasmids 
nr.ay limit, the use of this system to celt lines which have 
a high transfection efficiency To be able to rescue virus 
from different eel! types may increase the virus yield by 
enhancing the repiication of influenza A virus in these 
celis and increase the range of cells suitable for ihe 
production of vaccines (Qovorkova et aL, 1996). As a first 
stsp in reducing the number of plasmids, we report here 
the construction and transfeotlon of plasmids containinQ 
both the pol I- and pol l!-promoter on the same plasmid 
and present evidence that this system allows the expres- 
sion of vRNA and protein from one template. 

RESULTS AND DISCUSSION 

Design and features of the cloning vector pHWi2 
containing two eukaryotic promoters 

Influenza A viruses are segmented viruses that con- 
tain RNA molecules with negative-sense polarity. During 
the replication cycle, recognition of the 6'- and 3'-struc- 
tures of the eight vRNA segments by the ribonucleopro- 
tetn complex proteins (PB2. PB1. PA. NP) results in the 
replication and transcription of the influenza virus genes. 
The fact that the terminal sequence elements are highly 
conserved indicates thai a transcribed artificial RNA 
should have sequences that are the same as those of the 
5' and 3' ends (Luo el al„ 1991: Hick et aL 1996). The 
cloning vector pHW12 was constructed, allowing the 
Insertion of sequences of interest between the pol i-pro- 
moier and terminator by using the restriction endonude- 
ase BsmB\ (see Fig. lA). The pol l^transcripiion unit is 
flanked by the pol ll-promoter from the cytoniegciiovirus 
(CMV) and by the polyadenylation signal of the gene 
encoding bovine growth hormone. The CMV-promoter. 
the poiy A site, and the backbone of the plasmid are 
derived from the cloning vector pcDNAS. 

PBl protein expression in the pol l/pol I! bidirectional 

transcription syatem 

To test the pol l/pol II one-plasmtd .transcription feya- 
cTrt^rithe cDNAofthe PBI gene of AM/SN/33 
tern, we f ^^^^^ pHWl2 ib yiald the plasmid 



wero inseaed into the 6' and 3' noncoding regiorus : 
gene. Tnese genetic tags were included to ensur ■ 
the generated recombinant virus could be identi!' 
RT-PCB. We expected that human celts iransfeciti 
this plasmid would yield two types of RNA [?\- 
PBI-^^RNA, synthesi^ied by cellular poi 1; and ^ir> ■ 
v\/ith a 5'-cap structure, synthesi2ed by the pot n. 
tgtton of the mRNA should result in the syrir-v 
PBl -protein. 

To examine whether the PBl -protein is produce. ■ 
this construct, we tested replicaiion and transc; ir; ■ 
an artificial vRNA by constructing the expressior- ■ 
mids PHW21-P82, pHW23-PA. and pHW25-NP. 
contain cDNAs encoding P62. PA, and NP proie. r . 
A/WSN/33 under the control of the CMV-promot' • 
the in vivo synthesis of an aniticia! vRNA. wo cor.r.i . 
the reporter plasmid pHW72-EGFP (Fig. 2A). con-v.- 
the EGFP cDNA flanked by the noncoding region r 
M-segment and the human pot i-promoier and ir .• 
rine terminator sequence. Five plasmids (2 ij.q o '- . 
PB2, 2 /Jig pHW52'PBl [pol t/pol ll-promoter const- j - 
/xg PHW23-PA. 2 Atg pHW25-NP, and 1 ^-9 pHW72-(; 
were transfected Into 293T ceils. Twenty-four an 
after transfection. the celts were analyzed by t' ;: 
cenc© microscopy. After 24 h, fluorescent ceH: . 
observed (data not shown). This result shows tha^ / 
24 h the polymerase proteins are synthesized in 
centration sufficient to allow recognition of the im 
virus-specific ends of the EGFP-vRNA. These r: : 
synthesize mRNA. which is translated into EGFf. 

To evaluate the efficiency of this system, we pen :.- 
flow cytometric analysis to count the number of f' j-. 
cent cells (Fig. 2B), Forty-eight hours after transter/.i: 
the five plasmids, 18.72% of the cell population s:w: 
fluorescence. Only a background level of ttuof 
cells (0.06%) was observed when pHW52-PBl c g- 
was not added; this finding is consistent with thji 
earlier studies, which showed that all four RNP-c: r:> 
proteins are necessary for the amplification of th.-- v- 
(Huang et ai, 1990). The results indicate that th-^ i 
cDNA transcription and the resulting cohcenir& ir) 
PBl protein together with the other RNP compio 
teins is sufficient to initiate a viral, transcription/r r' 
tion process. 

Generation of recombinant influenza; A virus 

For the generation of infectious influenza A viiu:, 
necessary that the plasmid pHWfi2-PB.l .provides 
only PBl mRNA and protein but afeo' suffioiehi amc: 
of-pBi-vRNA, Which: can be. paokiaged im^^^ 
(f^!9.' IB)., For;theT^i[iqaining.;s6yiefi;^^ 
midsothavoontaif^^H»7»e.^(*te^?^ 

^ti '^^'^m^mm^^^^ : 
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:i ' -TCCGAAGTTGQGGtiGGAGGAGAC■GOTACCGTCTCCWVTA^CCCSQCGGCC-;; ' 
3 ' -KGGCTTCAACCCCGCCTC CTCTG CCATGGCAGAGGTyATrOOQCCOCCGG--j ' 




B 



PB1-vRNA ) 



NCR 



NCR 



RNA poi/marase 1 
(pol 1) 



PHW52-PB1 t, WM*'"' 



pih 



NCR 



a„ BGH 



RNA poiymmsQ IT 



mRNA 



^ translation 



FIG. 1. The ptpl i/pol H bidirectional transcription system. (A) The cloning vector pHWta. The plasmld contains the flNA polymerase II promoter 
(puCMV) of the human cyion>egalovtru8 and the polyadenylaiion elgnal (a„8GH) of the gene encoding bovine growth hormone, inseneci oeiween thesL* 
elements is a murine Terminator (t,) and the sequence of the human RNA potymeraae I promoier (pn,). For insertion of arbitrary sequences beiwcsn 
the pol I promoier and terminator, two e^rmBI restriction sites were Iritroducad. After digestion with BsfnB\, a vector fraomam (bold type) with sticky 
but nonoompiamentary 5' protruding ends ts generated. For propagation in coti, the plasmld contains an origin of replication (ori) and a beta 
'(aGtamase.:Q,ei\e..(bta) for selection in empicliiin-coniaining modlum. (B) The expression pieemid pHW62"f*81 and proposed transcription products after 
trenefection. The plasmld is derived Irom pRW12. cONA of the PBI-aagment is insarted between the pol I promoter (p,^) and terminator (i,). The arrow 
represents the sequence for the ORF o1 the P8l gene. Between the influenza vlrua-apacific nahccding roglon (NCR) and the coding region tor the 
P0r gene, sequences containing Hin<i\U and Xho\ restriction sites have been inserted. After transfectioo of this expression plasmld. two types of 
molecules are, expected to be synthesized. Fronn the human pol 1 promoter, RNA with the S' and 3' noncodlng region is transcribed by cellular rna 
polymersee I and'thls transcription results' in an'influenza-Uke v.f?NA molecule with recognition elements for the viral polymerase proteins b\ both 
vendB: transcription by RNA polymerase li is expected to result in an mRNA with a 6' cap structure and a 3' poiy A tail; this mRNA expresses pbi 
■ /prdxeinatteftrHnsiation.' 



gp^^l^^^g^ll^ 0li eightviral R-NAs 




struoiurai . proteins, the RNPs would be paclcaged into 
n&w virus partlcJes, 

. We iransfe.cted 293T. cxellS' (Table 1) with different 



PHW72-EGFP 



Noncodlng region of the M-*oflfneni 



eGFP-vRNA 




0.06 % 



PHW21-PB2 



PHW23-PA 
PHW2S-NP 
PHW72-EGFP 



10^ 



10" 




PHW21-PB2 

pHW62-PB1 

pHW23'PA 

pHW26-NP 

pHW72-EGFP 



FIG 2 Flow cyromtjific evaluation of the ^jfticiency oi the plasmid-based poi l/poi It uariKcripiion system. (A) Schematic reprf^somatlon of 
repoaer plasmid pHW?2-EQFP wim a pot l-uanecripilon unK comsining the sequences of iho noncoding region of The M segment and th« cONA 
eocoaino ECr P (B) ws; trensfecl^^d 293T celt^; with the indicated plasmids: 48 h lai^r. we used flow cytometric analysis to determine the oumbGr ot 
nuo^c^en' cl upper panel, flow cytometric analysis .fier tranejeaion of pHW21-PB2. PHW22-PA. pHW25-NP. and pHW7e-eGFP without 
pHW52-HB^: lowsf panel. Bn^ilysis after transfect ion with f:)HW52-PB1. Th« h^i Ml repfasents the fCQlon used co determine the percentage of 
fiuoresceni cells. 



amounts of pHWS2-P81 plasmld (0. 2. and 4 p.g) together 
witn the piasmids pPo!l-WSN-PB2, pPoll-WSN-PA, pPoll- 
WSN-HA pPoll-WSN-NP, pPoll-WSN-NA, pHW127-M, and 
pHWisa-NS (1 fxQ each). The proiein-expression plas- 
rnids pHWai-PB2 {1 iiQ], pHW23-PA (0,1 ^q). pHW25-NP 
(1 M,9), pEWSN-HA (1 fLQ), and pCAGGS-WNA15 (1 fxQ) 
were cotranstected. The expression piasmids for the 
hemagglutinin (HA) and the neuraminidase (NA) were 
Included to Increase the yield of transfectam virus. 

Fony-eight hours after transfection. the supernatant ot 
the 'primary transfected 293T cells was transferred to 
MDGK cells. !n all transfection experiments in which 
pHW52-P8l plasmld was added, 24 h after the passage 
we observed 8 virus-Induced cytopathic effect. No cyj^p- 
pathic effect was visible if no PBI -expressing plasnDid 
was included in the transfection reaction. The virus titer 



was. determined by titrating the supernatant of the trans- 
fected cells on MDCK celts; the supernatant was found to 
contain 2 x lO'-2 x to' pfu/ml. This finding shows that, 
after transfection ,ot the PBI -pot l/pol ll-promoter plasmid 
(together with the expression piasmids). P81 vRNA and 
P61 protein are synthesized In the human celt tine 293T 
at a level sufficient for the generation of infectious inf tu- 
enza A vinjses. In the cotransfeotion experiments (Table 
1) with piasmids containing the PBT-cDfNiA separated. or, 
two piasmids (pHW82-PBl and pHW22-.PB.l), 8 virus titer 
of 2 X 10^ pfu/mt was found; the analogous experiment 
using the piasmids with wild-type. PB1- sequences (ppot 
I-WSN-PB1 and. pHW22-PB 1 ) . re5ufte.d in,, a .virus . titer of 

3' >< .10* ptu/mi. ■ . ■ 

Unlilce the expre(esion cpo^truQi^itt;^?i.;PPl:, 
used in ■a'pr£iv.ipu$\styay:(NeuTnar^;^^^^^ 

' ". -^^'--''''^^r; 1''''''^^'''''^^-''''^^^^^ 
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TABLE 1 



PlasmlO Sets Used (or Recovery of Recombinant tnfluenxa A Virus 


Pidsrr.id 


Prom ore r 


cONA 




;iQ-Trans1ect«(l plaemid ONA 




phVV2VPB2 


poi 11 




PB2 


1 








1 




poi il 




PBi 








1 




DriW23-PA 


poi li 




PA 


0.1 


0.1 


ai 


0.1 




prlW26-N'P 


poi M 




NP 


t 


1 


1 




\ 


pEWSNHA 


poi 11 




• HA 


- \ 


1 


1 




I 


pCAGGS'WNA15 


po! II 




NA 


1 


1 


1 




1 


pPon-WSN-PS2 


poi 1 




PB2 


1 


1 


1 




1 


pH\A/82'PBl 


poi I 




PST 












pPclI-WSN-^ai 


poi I 




PQt 










1 


pPoll-WSN-PA 


poi 1 




PA 


1 


1 
1 








pPoll-W$N-NP 


pot 1 




NP 


1 






1 


pPoll-WSK-HA 


pot 1 




HA 


1 


1 






1 


0Pol!-WSN-NA 


pel 1 




NA 


1 


t 






1 


ph;Wi27-M 


poi 1 




M 


1 


1 






1 


DH.W128-N5 


pel I 






1 


1 






1 




poi ! -1- 


pol It 


per 


Q 


2 


4 






Virus titer (piu/rni) 








0 


2 X 10' 


2 X 10' 


2 X 10* 


3 X 10*^ 



NotQ. 293T cells were transiecied with me tndtcaied plssmlds: the virus titer In The cell culture supernatants waa cteiormined in MDCk cells 
' Tne cDNA contains addiilonal nonlnfluenza A virua sequences tn the noncoding region ot the P81 segment 



the plasmid pHW52'PBl (Fig. IB) that contains se- 
qi;er\ces derived from the poi l-transcription unit that are 
inserted between tne CMV-promoter and the polyadenyl- 
ation site. The expression ot the EQFP reporter gene 
dennonstraies that the overall expression of PBI-protein 
in this system is sufficlem for formation of EGFP-RNP 
complexes. Although the poi l-promoterAerminator re- 
gion contains recognition sequences for poi l-specific 
transcription and termination factors (Bell et al., 1988; 
Kuhn er al.. V994; Beckmann ef aL 1995). these DNA- 
binding proteins do not aeem to inhibit poi ll-mediated 
iranscription. These findings are consistent with the find- 
ing thanhe' pol !-specific DNA-binding proteins ere more 

. -abundant in the nucleolus, the companment In which the 
cellular rDNA-transcriptlon takes place {Evers er al., 
I99i5). These results indicate that after transfection of the 
poi i/pdt li-promoter construct into the cell, some of the 
plasmlds are delivered to the nucleolus, where the poi 
l-medlated transcription occurs, and some are retained 
in the nucleus, where they are transcribed by RNA poly- 

. merasB II. 

Because the reporter construct pHW52-PB1 contained 
additional .•■noninfluenza virus sequences (restriction 
slte.s) in the noncoding region before the start codon and 
■8ftdi:r^.the':isto:p^^^^^ w&re interested as to whether 

tiy^^siB/.sequ^^hcies maintained in the viral PBI 

; j|<ii^i^:;S:egrn^ we isolated vRNA 

pft^|j&^^ on MDQK 



fragments of the expected sizes. With the same viral RNA 
and primers, but without the addition of reverse-tran- 
scriptase. no amplification product was obtained, show- 
ing that the cDNA originated from viral RNA and not from 
plasmid DNA carried over from the supernatant ot trans- 
fected cells. Sequencing ot the PGR products revealed 
thai both restriction site sequences were present in the 
RNA molecule. The results show that the poi l/pol il- 
tran script! on system allows recovery of infectious recom- 
binant virus and that virus with foreign sequences in the 
noncoding region of the PBI gene is viable. This modi- 
fled-PBl segment is still replicated, transcribed, and 
packaged into virus particles. Previously, by using the 
RNP-transfection system, the noncoding regions of influ- 
enza A virus segments were changed. By substituting the 
noncoding region of the NA gene with the corresponding 
sequence of the NS segment of influenza B, transfectant 
influenza viruses were obtained (Muster er al., 1991; 
Bergmann and Muster, 1995). This type of virus with a 
chimeric NA segment showed an attenuated phenotype 
in mice and protected mice inoculated with a nonlethal 
dose against infection of the wild-type influenza virus 
infection. These results showed that the genetic alter- 
ation of the noncoding region of an RNA segment can 
change the biological property of a transfectant virus. 
Here, we report for the first time that even noninfluenza 
virus sequences can be inserted into the noncoding 
region of the PBI segment With the poi l/po( ll-transcrip- 
tibn system, it is now possible to systematically modify 
the>e. sequence-elements in the noncoding region of the 
PSi segrnent and* to evaluate whether these genetic 
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AAGCUU CUCGAG 
Bm-Pai_1 / aeqPB1//2 ^^^^ 

' PB1-VRNA 

^ -4— - 

(342 |,p| [193 rjpl 
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FIG. 3. Dct<>ciion of rernmbinani influenaa A virus by RT-PCR. (A) 
SchgT^^i'iC rflprHsentaiion o'' the recombinant PBl PNA gegrrent and 
the location ol primers un^ii for flT-PCR. The sequences (snown in 
cRna o*-ieniijiior0 above the RNA segment reprogent im tnuoauced 
fionit duenze virus sequences before ihe siart cocion (AaGCJU} ano 
a tier the siop codon (CUCGAG). The prifntji's usea in the RT-PCR 
rsac^.on ufc fepre.sent«<j by arrows^ The fixpBCJtod Sizes of the frag- 
ments 31 The 5' and 3' pans are shown lo brackets. (6} RT-PCR reaciion 
was; pofiormacl wiih pnmtjfs specific foi ihe P6t gene segivierii and 
wiih vRMA oxtraciod from viiiods. The reaction products were oub* 
jeoittd 'o electrophortisis on a 2% agarose get. To eneurfl ihat the 
arnpiifit^ri CNA fragmonts wAra (Jftrivcd from vRtvJA. and not from piaS' 
mill DNA carried over trom transfecied cells, one reaction was per- 
lormed v^Mftooi the addition of reverse'iranscripiase f-^). Lanes 1 and 
2. "Gdciions using the primers Sm-PBl^T and Seq-PGun; tanesi 3 and 
4: reactions using Soq-PBl#2 and Bm-P8l-£341R; Mt 100-Dp leddei 
(Promega). The presenco ot tne inseriad sequences was ^<orilied by 
sequencing rho amplified DNA fraQments. 

manipulations result in changes in the biological prop- 
erties of the recombinam viruses. Indeed, the lower yield 
of the viruses with the mutated PBl segment compared 
to the wild-type virus indicates that the inserted se- 
quences negatively influence the virus growth. 

Although the plasnnid-bgsed system developed re- 
cently (Neumann et ei, 1999) is highly efficient in gener-/: 
ating Influenza virus, it involves cloning of H to 17 plas- 
mids. In this study, we reduced the number of plasmids 



10 13. which are needed for the efficient recovery of 
influenza A/\A/SN/33 virus strain. The reduction in the 
number or ptasmids achieved by this approach promises 
to increase the efficiency of trans'fection for cel.- lines 
other than 293T cells, thus allowing the deiiv/ery of genes 
to cell lines for which the efficient delivery of 14 plasmids 
IS difficult to achieve, Fodor ei ai. (1999) were abiG to 
rescue influenza virus after transfecting 12 plasmids; the 
virus yield in this study was 1-2 infectious virus panicles 
per 10" iransfecied Vero cells. It would be interesting to 
investigate whether the pol l/pol ll-transcription system, 
in addition to the transcription ot PBi-cDNA, can also be 
used for the remaining seven RNA segments. Such in- 
vestigations could test whether the poi l/po: li bidirec- 
tional transcription system allows the development of a 
plasmid-based system that contains eight plasnnids for 
the production of influenza A viruses, thus improving this 
reverse-genetics system by decreasing the time and cost 
required for genetic engineering of influenza A viruses, fi 
would also be interesting to investigate whether the 
transfeciion system containing a pol I- and poi il-pro- 
molcr on the same plasmid is applicable for the gener- 
ation of other onhomyxoviruses (i.e., influenza 6, 
rhogotovirus). 

MATERIALS AND METHODS 

Cloning of plasmids 

All cloning and PGR reactions were performed accord- 
ing to standard protocols. Briefly, the expression plas- 
mids tor The polymerase-complex genes of AM^SN/33 
were derived from pcDNAS {Invitrogen. La Jolla, CA) 
containing the immediate early promoter of the human 
cytomegalovirus (CMV) and the poly A site ot the gene 
encoding bovine growth hormone (BGH). The viral cD- 
NAs were derived from the plasmids pWNPl43, pWS- 
NPA3. pWSNPB2-l4, and pGV\A-P8t (kindly provided by 
D. Nayak) to yield the expression constructs pHW25-NP. 
pHW23-PA, pHW2l-PB2. and pHW22-PB1. respectively 
pHWl2 was generated by inserting human pol i-pro- 
moter and terminator sequences between the pol II- 
promoter and the polyA-siie (Fig. 1A), The plasmid 
pHWB2 was derived. from pHW12 by first inserting oligo- 
nucleotides containing the noncoding region of PBi ex- 
tended by HMW and X/7ol sites and then inserting the 
PB1 -coding region from pHW22-PBl into these sites (Fig. 
IB). The plasmid pHW82-PBl was derived from pHW52- 
PBl by deletion of the CMV-promoter sequences. The 
coding region for the enhanced gr^en fluorescent protein 
(£GFP) In the reponer construct pHW72-eGFP was ob- 
tained after PCR-ampHfication. using pEGPF-fJl (Clon^ 
Tech, Palo Alto, CA). as. template/and: Inserting the'cDNA 
after SacWfXhoi digestion into ne :pl^smid^*7^ (E. 
Hoffmann, unpubHsh©d).oo.niain1ng"1he 
moter and murine term iTiator and the xpncQ^i^^^^ 



1 I li\ 11^1 
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Of the M-segmeni separeted by Sac\\/Xho\ sites (Fig. 2A). 
pHWi27-M end pHW128-NS were consUucted by RT- 
PCR amplification of viral RNAwith the primers coniain- 
ing segmeni-specitic sequences and BsmBi sites for 
insertion into the esmBI-digested vector pHH21 (Hol1- 
mann. 1997; Neumann et ai, 1999). All sequences of the 
oligonucleo'^ides tor PGR amplification or cloning are 
available on request. The construction of the plasmids 
pFolKWSfNi-PBi, pPoll-WSN-PB2. pPo!l-WSN-PA. pPoll- 
WSN-NP. pPoll-WSN-HA, pPoll-WSN-NA. pEWSN-HA. 
and PCAG6S-WNA15 has been described elsewhere 
{Neumann et aL. 1999). 

Cell culture and transfection 

Madin-Darby canine kidney (MOCK) cells were main- 
tained in modified Eagle medium (MEM) containing 10% 
fetal bovine serum (FBS); 293T human embryonic kidney 
cells were cultured in Dulbecco*s modified Eagle rne- 
diurr) (DMEM) containing 10% FBS. TransIT LT-1 (Pan- 
vera Madison. Wl) was used according to the manulac- 
turers if^structions to transfeci 1 x 10^ 293T cells. Dif- 
ferent amounts of plasmids (Table 1) were mixed with 
TransIT LT-I (2 /xl TransIT LT-1 per 1 of DNA), incu- 
bated at room temperature for 45 min and added to the 
cells. After 6 h. the DNA-transfection mixture was re- 
placed by Opti-MEM (Gibco/BRU Gaithersburg, MD), 
containing 0.3% bovine serum albumin (6SA) and 0.01% 
FBS. Fony-eight hours after transfection, supernatants 
containing virus were titrated in MDCK cells. 

RNA isolation and RT-PCR 

Viral RMA was isolated from virus particles with the 
use of the RNeasy-KIt (Oiagen. Valencia. CA) according 
to the manufacturer's instructions. For characterization of 
recombinant influenza viruses, the Access RT-PCR kit 
(Promega. r^adison. Wl) was used according to the pro- 
tocol provided. The following primers were used in the 
RT-PCR experiments: Seq"PB1#1. 5'-AGQ ATG GGATTC 
CTC AAG G'3'; Seq-PB1#2. 5'-GCT ATG GTTTCC AGA 
QCC CG-3'; Bm-PB1-1= 5'-TAT TOG TCT GAG GGA GCG 
AAA GCA GGC-A-3'; Bm-PB1-2341R^ 5'-ATA TCG TCT 
CGT ATT AGT AGA AAC AAG GCA TTT-3'. RT-PCR ex- 
pe!:lment3 were performed by using the PTC-200 DNA 
■ engine (Ml Research. Watenown, MA). The amplification 
.pcogr^rri started, with one cycle at 48*C for.4B mIn (firsts 
strwd cDlilA synthesis) and one cycle at 94*'C for 2 min 
.:(,iaa<5^iva;tj6n-;d^ ^^^^ 
. ■• %ne^^^^^^ 

^2^C for 30 s (PGR 




Flow cytometry 

Fony-eighi hours after transfection, 293T cells werc^ 
washed with phosphate-buffered saline (PBS), peiitjied. 
and resuspended in PBS plus b% FBS. Flow cyiometric 
analysis was performed by using a FACSCalibur tio^'v 
cytomeier (Becton-Dickinson) and the data were ana- 
lyzed by using the CellQuest software package. For 
EGFP expression analysis, we used the emission wave- 
length of 530 nm (FLl) to achieve a high sensivliy for 
EGFP-rnediated fluorescence detection. 
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